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Abstract

Gamma-ray bursts (GRBs) are the most luminous transient events in the Universe, and as such are

associated with some of the most extreme processes in nature. They come in two types: long and

short, nominally separated either side of a two second divide in gamma-ray emission duration. The

short class (those with durations of less than two seconds) are believed to be due to the merger of

two compact objects, most likely neutron stars. Within thispopulation, a small subsection exhibit

an apparent extra high-energy emission feature, which rises to prominence several seconds after

the initial emission event. These are the extended emission(EE) bursts.

This thesis investigates the progenitors of the EE sample, including what drives them, and where

they fit in the broader context of short GRBs. The science chapters outline a rigorous test of the

magnetar model, in which the compact object merger results in a massive, rapidly-rotating neutron

star with an extremely strong magnetic field. The motivationfor this central engine is the late-time

plateaux seen in some short and EE GRBs, which can be interpreted as energy injection from a

long-lived central engine, in this case from the magnetar asit loses angular momentum along open

field lines.

Chapter 2 addresses the energy budget of such a system, including whether the EE component is

consistent with the rotational energy reservoir of a millisecond neutron star, and the implications

the model has for the physical properties of the underlying magnetar.

Chapter 3 proposes a potential mechanism by which EE may arise, and how both classes may be

born within the framework of a single central engine.

Chapter 4 addresses the broadband signature of both short andEE GRBs, and provides some

observational tests that can be used to either support or contradict the model.
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1
Introduction

Gamma-Ray Bursts (GRBs) are the brightest phenomena in the knownUniverse, releasing as

much electromagnetic energy in a few tens of seconds as the entire Milky Way galaxy does in

a few years. In almost four decades of study, great advances have been made in understanding

the mechanisms that power this monumental energy release; however, many questions concerning

their nature are still left unanswered. This thesis will focus on a small subset of GRBs, known as

extended emission (EE) GRBs because of their distinctive emission features, and how they relate

to the two main broad classifications of bursts: long GRBs (LGRB) and short GRBs (SGRB).

Studying these rarer features of the GRB phenomenon is very useful in elucidating the workings

of the samples as a whole, because it places the progenitor under extra constraint, demanding that

it accounts for both regular events, but also contains caveats to allow abnormal behaviour.

1



Chapter 1. Introduction 1.1. History

1.1 History

The first GRB was detected on the 2nd of July 1967 (GRB 670702; YYMMDD) by the Vela

satellites. This network of United States military satellites was originally designed to monitor

the skies for evidence of secret nuclear testing by the USSR, but between July 1969 and July

1972, sixteen more short bursts of gamma radiation were detected and confirmed to be neither

from the Earth nor the Sun. These findings were first made public six years after the first detection

(Klebesadel et al., 1973). The observed transients had durations ranging from less than0.1 seconds

to∼ 30 seconds, with time-integrated flux densities in the region of 10−5 –2×10−4 erg cm−2 in the

energy range0.2 – 1.5 MeV. Theorists put forward their various conjectures on theorigin of these

sources, and in 1975 the review article from the Texas Symposium on Relativistic Astrophysics

featured over a hundred competing theoretical models, mostof which could not be ruled out by the

contemporary data (Ruderman, 1975). The brief flashes of gamma emission were hard to focus,

and gave few clues as to their origin. Mazets & Golenetskii (1981) noted that there appeared to

be several different types of burst, with different time profiles, durations and spectral shapes, but

favoured a galactic origin (as was popular at the time) due tothe incredible energy release required

for the source to be extra-galactic.

1.1.1 Extra-galactic origin

The origin of GRBs remained a mystery until the launch of the Compton Gamma-Ray Observatory

in 1991, which allowed the first all-sky survey for high energy transients using the Burst And

Transient Source Experiment (BATSE) instrument (Fishman et al., 1985). The results showed an

isotropic distribution across the sky (Meegan et al. 1992; Fig. 1.11), ruling out the Galactic plane

as their origin unless they are very close by. The broad distribution of observed fluxes made a local

population unlikely, and coupled with the isotropy provided strong evidence for a cosmological

1http://imagine.gsfc.nasa.gov/docs/science/knowl2/know bursts.html
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Figure 1.1: The isotropic distribution across the sky of the first GRBs detected by BATSE

source, although some models suggested a genesis in the Galactic halo. The implication of an

extra-galactic source was an enormous energy release, since even at cosmological distances the

bursts outshone galaxies and quasars by a very large factor.

1.1.2 Detection in X-rays

Gamma-rays are very difficult to localise with any great precision, but in 1997 the Italian-Dutch

satelliteBeppo-SAX (Boella et al., 1997) began to point its on-board X-ray telescope at GRB

locations within 5 – 12 hours of the trigger time, resulting in the first X-ray afterglow detections, as

well as localisations accurate to within a few arc minutes.2 This enhanced positional information

2Arc minute localisations can in fact be achieved by gamma-ray imagers with coded masks, but GRB hunters were
not equipped with them in theBeppo-SAX era.
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allowed ground-based telescopes observing at various wavelengths to get in on the act, and it

wasn’t long before the first detection of an optical afterglow was made (van Paradijs et al., 1997),

followed swiftly by the first redshift (z ∼ 0.835; Metzger et al. 1997). This redshift identification

proved that at least some GRBs occur at cosmological distances, and the burst in question (GRB

970508) was calculated to have an isotropic equivalent energy releaseEγ,iso = 7 × 1051 erg.

1.1.3 TheSwift era

The field of GRBs was further revolutionised in 2004 with the launch of theSwift satellite (Fig. 1.2;

Gehrels et al. 2004). This dedicated GRB hunter was agile enough to point anywhere in the sky

within around100 seconds and able to acquire multi-wavelength observationsfrom a single plat-

form. Because of this,Swift has enabled the elucidation of GRB behaviour at times of minutes

to hours after trigger, something that was previously impossible with any of the available obser-

vatories. X-ray light curves obtained bySwift demonstrated the smooth transition of the GRB

prompt emission spike into the late-time decaying afterglow, and the first X-ray afterglow of the

elusive SGRB class was detected in May 2005 (GRB 050509B), and later shown to be associated

with an old elliptical host galaxy (Barthelmy et al., 2005b; Gehrels et al., 2005). The launch of

Swift coincided with a rapid expansion of obtained redshifts, currently in excess of two hundred

GRBs (Meszaros & Rees, 2014), largely due to the rapid and accurate afterglow positions the

spacecraft provides.Swift also discovered the record holders for the most distant GRBs:z = 8.2

(GRB 090423; Tanvir et al. 2009) is the highest spectroscopically confirmed redshift, andz ∼ 9.4

(GRB 090429B; Cucchiara et al. 2011) is the most distant photometric redshift, corresponding to

an event that occurred over thirteen billion years ago. For areview of GRB progress in this period,

see Gehrels et al. (2009); Gehrels & Razzaque (2013) and Meszaros & Rees (2014).

4



Chapter 1. Introduction 1.2. TheSwift satellite

Figure 1.2: TheSwift satellite, taken from Gehrels et al. (2004).

1.2 TheSwift satellite

Much of the data used in this thesis was acquired bySwift, and so a more in-depth description of

its operations than of other missions is warranted. Three instruments are carried on board: the

Burst Alert Telescope (BAT; Barthelmy et al. 2005a), the X-Ray Telescope (XRT; Burrows et al.

2005) and the Ultra-Violet and Optical Telescope (UVOT; Roming et al. 2005).

1.2.1 BAT

BAT is a coded-aperture imaging telescope with a large field-of-view (FOV; 1.4 steradian half-

coded). It is sensitive in the energy range15 – 150 keV, with an energy resolution of∼ 7 keV and

a fluence sensitivity of∼ 10−8 erg cm−2 (e.g.∼ 10−9 erg s−1 cm−2 for 10 s). In normal operations,

it performs an all-sky hard X-ray survey and monitors for hard X-ray transients, as well as being

used to observe a series of target of opportunity (ToO) requests. A triggering algorithm constantly

monitors for excesses in the detector count rate above the expected background level, mitigated
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by a large number of selection criteria designed to account for varying background levels and

constant sources on both short (≤ 64 ms) and long (≥ 64 ms) timescales. In addition to these

rate triggers, BAT also searches for image triggers by combining the coded background snapshots

the telescope automatically takes every8 s (used for background subtraction in long rate triggers)

on three different timescales in order to search for uncatalogued sources (Fenimore et al., 2003).

Once triggered, on-board software identifies whether the source was significant (> 6.5σ) and

uncatalogued, the position on the sky (with a1 – 4 arcmin accuracy depending on burst intensity),

and whether or not the spacecraft can safely slew to observe given the proximity of the Sun,

Moon and Earth to the target field. This is all done very rapidly; the trigger alert is available after

18 (175) seconds in50% (90%) of cases through the Tracking and Data Relay Satellite System

(TDRSS; Poza 1979) and the Gamma-Ray Coordinates Network (GCN3; Barthelmy et al. 1994),

followed by the burst position and the decision to slew and observe. Production of the gamma-ray

light curve takes130 seconds.Swift is then able to slew autonomously to point its narrow FOV

instruments (XRT and UVOT) on target within around100 seconds.

1.2.2 XRT

XRT is a sensitive, flexible, autonomous X-ray imaging spectrometer. A grazing incidence Wolter

I telescope is used to focus X-rays onto a thermo-electrically cooled CCD, although the cooling

system failed shortly after launch and is inoperational, meaning XRT is now ‘pointing cooled’ i.e.

cooled by slewing the spacecraft so that the radiator pointstowards the cooler regions of the sky

(away from the Sun, Moon and Earth). The instrument operatesin the energy band0.3 – 10 keV

with a FOV of23.6×23.6 arcminutes, angular resolution of7 arcseconds (FWHM) and a detector

sensitivity of2 × 1014 erg s−1 cm−2 in 104 s. XRT is able to refine the BAT localisations from

1 – 4 arcminutes to2.5 arcseconds (usually closer to∼ 4 arcseconds with noise) just10 seconds

after target acquisition for a typical GRB, a level of precision which then allows ground-based

3Originally known as BACODINE (BATSE Coordinates Distribution Network)
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telescopes to join the observations. From trigger to delivery, this information is available in just1

– 2 minutes. XRT itself was intended to operate in 4 different observing modes; however, one of

them, Photon Diode (PD) mode, was short lived due to a micrometeorite strike during the first six

months of the mission. PD mode was intended for high accuracytiming use by reading the chip

as if it were a single pixel, but the impact means that the signal is now swamped by noise. The

three operational modes are:

1. Image Mode (IM): Used when XRT first slews to a target to givean image of the source,

allowing an accurate position to be determined. Exposure times are0.1 or 2.5 seconds,

depending on source flux. Images are usually piled up due to the high source count rates

encountered, and so provide no spectroscopic data, but do give good flux estimates.

2. Windowed-Timing (WT) mode: The 200 columns covering the central 8 arcminutes of the

FOV are clocked continuously to provide timing informationon the source, with imaging

information preserved in one dimension (but lost along the other). WT mode has a1.8 ms

time resolution, and is used during slew and periods of high source flux to prevent the CCDs

from becoming saturated.

3. Photon Counting (PC) mode: Uses a ‘normal’ CCD readout sequence to provide full imag-

ing and spectroscopic resolution, but with a time resolution of only 2.5 seconds. PC mode

is used once the flux has dropped below saturation levels, which usually occurs in the first

few hundred seconds of a GRB. As such, PC mode is by far the most commonly used.

Data from XRT are automatically analysed by the UKSwift Science Data Centre (UKSSDC)4.

Details of the analysis can be found in Evans et al. (2007, 2009).

4www.swift.ac.uk
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1.2.3 UVOT

UVOT has a modified Ritchey-Chrétien optical configuration with a30 cm primary mirror and

an f-number of12.7. In orbit, UVOT has imaging sensitivity comparable to a 4 m ground-based

telescope. The instrument houses 2 filter wheels, both of which have 11 positions: Blocked (for

detector safety), UV-grism, UVW2-filter, V-filter, UVM2-filter, optical grism, UVW1-filter, U-

filter, 4x-magnifier, B-filter, White-light-filter. The filter characteristics are summarised in Roming

et al. (2005) (Table 2). During slew, UVOT begins observing when a new GRB is within 10 arcmin

of the target position, by default with the UVW2 filter. Once settled, UVOT creates a finding chart

by taking a 100 s exposure with the V filter, which is sent to ground-based observers via TDRSS

and GCN. The positional accuracy in this chart is∼ 0.3 arcseconds relative to the background

stars in the FOV, and when combined with the XRT position can improve the X-ray positional

accuracy to∼ 1 – 2 arcsec (Goad et al., 2007).

1.2.4 Other missions

Swift is not alone in its hunt for GRBs. Here, the other main operational GRB-detecting missions

are summarised, though this list is far from exhaustive.

• The Konus-Wind instrument on board the Global Geospace Science satellite (GGS-Wind,

launched in 1994; Aptekar et al. 1995) operates in the bandpass 10 keV – 10 MeV, and

detects in excess of 100 GRBs per year. It is one of the satellites contributing to the Inter-

Planetary Network (IPN), which uses timing analysis between pairs of satellites to triangu-

late GRB positions. Other current members includeSwift, HETE-II andMars Odyssey.

• The International Gamma-Ray Astrophysics Laboratory (INTEGRAL; Winkler et al. 1993)

was launched in 2002, carrying 4 instruments on board. Its main skill (due to its high

sensitivity) is identifying the population of faintest GRBs.
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• Suzaku (Mitsuda et al., 2007) is a joint Japanese-US X-ray satellite which was launched in

2005. Its Hard X-ray Detector Wide-band All-sky Monitor (HXD-WAM, known as Suzaku-

WAM; Takahashi et al. 2007) operates at 50 keV – 5 MeV, and in the first six years of

observations detected more than 850 GRBs (Ohno et al., 2012), thanks in no small part to

its large effective area.

• TheFermi satellite (Ritz et al., 2009) was launched in 2008, and carries two instruments on

board. The Large Area Telescope (LAT; Atwood et al. 2009) operates in the range 20 MeV

– 300 GeV, making it suitable for detecting high energy emission and peak energies (Ep),

although most GRBs in its FOV are not detected. The Gamma-ray Burst Monitor (GBM;

Meegan et al. 2009) provides coverage between 8 keV – 40 MeV, spanning hard X-rays right

up to the more energetic gamma-rays. It typically detects a GRB every two days, which is

more thanSwift, though it lacksSwift’s arcsecond location accuracy.

1.3 Classification of gamma-ray bursts

Using the large sample collected by BATSE, Kouveliotou et al. (1993) were able to identify a bi-

modal distribution in both the temporal and spectral properties of GRB emission. These properties

divide bursts into two broad classifications: long-soft andshort-hard GRBs (LGRB and SGRB,

respectively). The classes sit either side of a T90 ∼ 2 seconds divide, where T90 is defined as the

time in which the cumulative counts increase from 5% to 95% above the background level. SGRB

spectra reveal higher peak energies than are found in LGRBs (i.e. they are spectrally harder), but it

has been argued that this is a detector selection effect. Forexample, Sakamoto et al. (2006) showed

that theKonus SGRB sample has a lower hardness ratio than found by BATSE, andthe first two

seconds of LGRBs are on average as spectrally hard as SGRBs, but then soften (Ghirlanda et al.,

2004). The temporal bimodality, as observed by a number of different instruments, is shown in

Fig. 1.3. The presence of such a clear dichotomy is strong evidence for two separate progenitors;
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Figure 1.3: The observed bimodality in theT90 distribution, as seen by a variety of different instruments
(Qin et al., 2013).

however, the distributions show significant overlap, indicating that a simpleT90 cut may result in

both populations being contaminated with interlopers fromthe tails of the opposing distribution.

As a result, theT90 division has drawn some criticism, and alternatives have been proposed (e.g.

Bromberg et al., 2013; L̈u et al., 2014).

1.3.1 Long gamma-ray bursts

The first observational clues as to the genesis of LGRBs came in 1998, when supernova (SN)

1998bw was discovered in the error box of the position of GRB 980425 (Galama et al., 1998). Al-
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though inconclusive at the time because the afterglow of theGRB was not seen, further supporting

evidence for a GRB-supernova connection was obtained when some GRB optical afterglow light

curves were found to contain small bumps at late times (e.g. Bloom et al., 1999a; Galama et al.,

2000), a feature characteristic of SNe. The final piece of thepuzzle fell into place in 2003 with

GRB 030329, which had one of the brightest ever GRB afterglows.As the optical emission faded,

a clear supernova signature (SN 2003dh) was revealed not only in the light curves, but crucially

in the spectra as well (Hjorth et al., 2003; Stanek et al., 2003).

These findings are in agreement with the collapsar model (Woosley, 1993; MacFadyen & Woosley,

1999), in which LGRBs are produced during the death and subsequent core collapse of massive

stars. This is further supported by the findings that LGRB hostgalaxies tend to be actively star

forming and have moderately low metallicity (Bloom et al., 1998; Djorgovski et al., 1998; Fruchter

et al., 1999; Bloom et al., 2002; Wainwright et al., 2007), since more massive stars are shorter lived

and high metallicity can limit stellar growth. Population studies show that LGRBs occur in fainter,

more irregular host galaxies than core-collapse SNe (Fruchter et al., 2006; Svensson et al., 2010),

and closer to star forming regions, suggesting that they areassociated with the deaths of the most

massive stars and may be restricted to galaxies with limitedchemical evolution. Conversely, some

LGRBs have been found in high metallicity environments (Levesque et al., 2010a,b). Recently,

Levan et al. (2014) have also proposed a new class of ‘ultra-long’ GRBs, which may be driven by

the SNe of stars more diffuse than are normally considered for LGRB progenitors, or possibly by

the tidal disruption of a white dwarf by a low-mass BH.

1.3.2 Short gamma-ray bursts

SGRBs are less well understood than LGRBs; they are much less frequently detected and much

shorter lived, and so are still awaiting their ‘smoking gun’equivalent of GRB 030329 for LGRBs.

It is generally accepted that their origin is different fromthat of LGRBs because there is a clear
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distinction between the spectral and temporal properties of the two classes. In particular, the

absence of any observable SN in a number of deep searches is strong evidence against the collapsar

model (e.g. GRB 050509B, Bloom et al. 2006; GRB 050709, Fox et al. 2005). SGRBs have been

observed in a variety of host galaxies, including old ellipticals that show very little evidence of

star formation (e.g. Gehrels et al., 2005), and young galaxies similar to what is seen for long bursts

(e.g. D’Avanzo et al., 2009). They have also been observed with large offsets from any potential

host (Berger, 2010; Tunnicliffe et al., 2014).

The favoured progenitor model for SGRBs is the merger of two compact objects (Paczynski,

1986; Fryer et al., 1999; Rosswog et al., 2003; Belczynski et al., 2006; Chapman et al., 2007).

This hypothesis offers a natural explanation for the large offset between GRBs and star forming

regions, because a SGRB cannot occur until both stars in the binary have evolved off the main

sequence and collapsed, and the two resulting compact objects have merged. This can take up

to 1010 years, and this long merger time, coupled with the large natal ‘kick’ velocity NSs often

receive at birth (Bloom et al., 1999b; Grindlay et al., 2006) means that binary systems can be

propelled to the outskirts of their host galaxies, or even expelled entirely. While it’s possible

that those SGRBs seen close to star forming regions may have a collapsar origin, evolutionary

channels that permit compact star mergers on short timescales are believed to exist (Belczynski

et al., 2006). These associations could also be the result ofnatal kicks along the line of sight,

which would not result in a projected offset. Further evidence supporting the compact binary

merger progenitor was discovered with the detection of a possible ‘kilonova’ signature in GRB

130603B (Tanvir et al., 2013), a faint infrared transient which is believed to be due to the decay

of neutron-rich radioactive species formed by the merger (Li & Paczýnski, 1998).
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1.3.3 Extended emission gamma-ray bursts

A possible third class of GRB was identified by Norris & Bonnell (2006), who discovered that

1/3 of their sample of SGRBs exhibited a rebrightening in their high-energy light curves that was

phenomenologically and spectrally distinct from LGRB prompt emission. This ‘extended emis-

sion’ (EE) usually begins around10 seconds after trigger, and typically has a lower flux than the

prompt emission, but can last for hundreds of seconds, meaning the total fluence is often compa-

rable (Perley et al., 2009). Some evidence of an EE componentin SGRBs had been suggested in

the pre-Swift era (Lazzati et al., 2001; Connaughton, 2002). This class of GRB poses a challenge

to the long vs short dichotomy, because while its members appear to be SGRBs in terms of spec-

tral hardness and host galaxy association, they often exhibit T90 ≫ 2 seconds. EE GRBs were

catalogued by Norris et al. (2010).

Central to this classification debate is GRB 060614 (Gehrels etal., 2006; Mangano et al., 2007),

which hadT90 > 100 seconds, but was found to be far away from the star forming region of the

identified host galaxy atz = 0.125 (Price et al., 2006), which itself had a low star formation rate

with respect to other LGRB host galaxies (Della Valle et al., 2006; Fynbo et al., 2006; Gal-Yam

et al., 2006). Most damning to the LGRB connection was the lackof any identifiable SN signature,

down to limits100 times fainter than any other SN associated with a LGRB, and in fact fainter than

any ever observed at all (Della Valle et al., 2006; Fynbo et al., 2006; Gal-Yam et al., 2006). The

spectral lag was also identified as very short, consistent with SGRBs (Gehrels et al., 2006). Using

an empirical relation between the isotropic energy and the spectral peak energy (Ep ∝ E
1/2
iso Amati

et al., 2002; Amati, 2006), Zhang et al. (2007) generated a copy of GRB 060614 with8 times less

energy (consistent with GRB 050724, a fellow EE burst), and found thatT90 was reduced to∼ 4.4

seconds in the BATSE bandpass, with the soft gamma-ray tailsrelocated to the X-ray band and a

general phenomenology highly resembling GRB 050724. For these reasons, it seems likely this

burst belongs to the merger population rather than the LGRB population, and that EE GRBs are

more likely to be a subset of SGRBs rather than LGRBs.
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A number of different mechanisms have been proposed to explain EE, including magnetar spin-

down (See Section 1.4.6; Metzger et al., 2008; Bucciantini etal., 2012), a two-jet solution (Barkov

& Pozanenko, 2011), fallback accretion (Rosswog, 2007), r-process heating of the accretion disc

(Metzger et al., 2010), and magnetic reconnection and turbulence (Zhang & Yan, 2011).

1.4 Emission mechanics

GRB emission is traditionally divided into two broad categories: prompt emission, which refers

to the initial burst of gamma-rays (sometimes including contemporaneous observations at lower

frequencies), and afterglow, which effectively encompasses everything else, ranging from X-ray

to radio frequencies. As pointed out by Zhang (2007), this nomenclature can be misleading;

strong, hard X-ray flares can show up in gamma detectors, and under certain models the central

engine that drives the prompt emission can remain active forextended periods, driving emission

that could be classed as afterglow. It is therefore more physically informative to think of the

emission as either ‘internal’ (i.e. driven by the central engine) or ‘external’ (i.e. originating in the

medium surrounding the GRB). Here, the traditional notation is used, but the emission site is also

discussed.

The broadband emission seen in both long and short GRBs can, in general, be successfully in-

terpreted within the standard GRB fireball model (Figure 1.4;Goodman, 1986; Paczynski, 1986),

which has been extensively reviewed (e.g. Piran, 1999; Mésźaros, 2002; Zhang & Ḿesźaros, 2004;

Mésźaros, 2006).
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Figure 1.4: A schematic of the relativistic fireball model, taken from Gomboc (2012). The prompt and
afterglow emission sites are highlighted.

1.4.1 Observational constraints

The millisecond variability observed in GRBs demands that theemission region be very com-

pact, with an upper limit close to1000 km (Schmidt, 1978), calculated using a simple causality

argument:

D < c∆t (1.1)

whereD is the size of the emitting region,c is the speed of light and∆t is the minimum variability

timescale observed. The cosmological distance of GRBs implies a gamma-ray energy release

of the order1052 erg, and when coupled with the required compactness of the progenitor, this

demands that the radiation be extremely optically thick to pair creation, and so emit thermally

with a blackbody spectrum. The observed spectra are non-thermal, a contradiction known as the

compactness problem. The solution to the compactness problem is to assume that the source is
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moving ultra-relativistically towards the observer, which increases the inferred size of the emission

region by a factor of two times the Lorentz factor squared because the time term in Equation 1.1

should then be replaced with rest frame time. The rapid expansion of the emitting region is

supported by radio observations, which were found to exhibit large-amplitude radio scintillation

at early times before the signal subsequently dampened, indicating an initially small emitting

region that underwent relativistic expansion (Frail et al., 1997; Goodman, 1997).

The requirement that the relativistically expanding medium be optically thin to high-energy pho-

tons places a lower limit on its bulk Lorentz factor (Γ), and similarly an upper limit can be derived

from the fact that the external (afterglow) emission is absent during the prompt phase. The initial

bulk Lorentz factors of the ejecta have been constrained viaobservation to be in the region of

Γ ∼ 100 – 1000 (Lithwick & Sari, 2001; Zou & Piran, 2010; Zou et al., 2011; Ghirlanda et al.,

2012; L̈u et al., 2012). The Lorentz factor is defined as

Γ =
1

√

1 − v2/c2
, (1.2)

so the associated ejection velocities are in the region of0.99995c –0.9999995c. The Lorentz factor

is a multiplicative factor when calculating relativistic mass (m = γm0), momentum (p = γm0v)

and energy (including both rest mass and kinetic energy;E = γm0c
2), wherem0 is the rest mass

andγ represents the Lorentz factor of an individual particle or discrete shell of ejecta.

The implied total isotropic broadband energy release can beas high as1054 erg for some GRBs,

a staggering output that strains the energy budget of even a compact object progenitor. This can

be overcome if the outflow is collimated instead of isotropic, reducing the energy demand by a

factor of100 – 1000. This collimated outflow is supported observationally, as evidence for a jetted

structure has been seen via achromatic jet breaks that manifest in the light curves (e.g. Frail et al.,

1997; Harrison et al., 1999; Panaitescu & Kumar, 2001; Soderberg et al., 2006; Racusin et al.,
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2009b). The relativistic outflow must be observed very closeto the jet axis for the emission to

trigger gamma-ray burst detectors, and so initially the emission is strongly beamed towards the

observer with an opening angleθ = 1
Γ

(whereΓ is the bulk Lorentz factor of the outflow). At

this stage, the outflow cannot be distinguished from the isotropic case because all the observed

emission comes from the jet cone due to beaming. As the blast wave decelerates, the Lorentz

factor decreases, and so the beaming angle must increase. Once this beaming angle becomes

greater than the physical opening angle of the collimated outflow, the observer can see past the jet

for the first time, and starts to receive fluxes lower than the isotropic case. This causes a steepening

in the light curves at all frequencies (i.e. the steepening is achromatic).

1.4.2 Prompt emission

The fireball model (Goodman, 1986; Paczynski, 1986) postulates a catastrophic event that de-

posits its gravitational energy into a thermally driven explosion. Internal thermal and/or magnetic

pressures cause the fireball to expand and accelerate to relativistic speeds (Cavallo & Rees, 1978;

Goodman, 1986; Paczynski, 1986, 1990), and the ejecta is distributed in shells which expand with

a wide range of Lorentz factors. The kinetic energy of the expanding fireball is converted to elec-

tromagnetic (EM) radiation by internal shocks between shells (Rees & Meszaros, 1994), and this

is generally believed to be the site of the prompt emission, although magnetic dissipation may be

responsible for the prompt emission even without shocks (Zhang & Yan, 2011).

The prompt emission is typically made up of a number of Fast Rise Exponential Decay (FRED)

pulses (Norris et al., 1996), sometimes referred to as the Initial Pulse Complex (IPC). The width

of these pulses does not appear to evolve with time (Ramirez-Ruiz & Fenimore, 2000). LGRBs

often exhibit spectral lag, meaning lower frequency photons arrive slightly later than their higher

frequency counterparts. The delay in arrival times was found to be around 10 – 2000 ms be-

tween photons in the 100–200 keV and 15–25 keV bands (Ukwattaet al., 2010). SGRBs exhibit
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negligible spectral lag (Norris & Bonnell, 2006; Yi et al., 2006).

Prompt emission spectra are usually fitted with the Band function (Band et al., 1993). This phe-

nomenological model consists of a low-energy power law, with an exponential cutoff and a steeper

power law at higher energies, though it is not clear what thisimplies physically. Hard to soft evo-

lution is often apparent (Norris et al., 1986).

1.4.3 Afterglow

The expanding blast wave ploughs outwards into the circum-burst medium (CBM), sweeping

up ambient particles as it goes. The fireball is decelerated once it has accumulated sufficient

mass, entering a self-similar deceleration regime (Blandford & McKee, 1976). The deceleration

radius,Rdec, marks the outer boundary for an emission process to be considered ‘internal’. The

interaction between the blast wave and the CBM forms strong shocks at the head of the ejecta: a

forward shock propagating outwards into the CBM, and a short-lived reverse shock propagating

inwards back through the ejecta (Rees & Meszaros, 1992; Meszaros & Rees, 1993; Ḿesźaros &

Rees, 1997, 1999). Between them, these shocks produce the broadband afterglow.

The shock fronts radiate synchrotron emission through the action of electrons crossing the mag-

netised boundary between the ejecta and CBM. At early times, the energy in the shock may be so

great that all the electrons are excited to states with cooling times shorter than the lifetime of the

source, known as the ‘fast cooling’ regime. Once the synchrotron peak frequency, which corre-

sponds to the minimum (and therefore most common) Lorentz factor of the electrons, has shifted

below the cooling break, where the cooling time is equal to the lifetime of the source, the sys-

tem has entered the far more common ‘slow cooling’ regime (Sari et al., 1998; Wijers & Galama,

1999). As the ejecta expand and cool, the peak frequency moves to increasingly long wavelengths,

and will eventually slip below the self-absorption frequency, where the medium becomes optically

thick, resulting in a marked decrease in luminosity.
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Figure 1.5: The ‘canonical’ X-ray afterglow, as presented in Zhang etal. (2006). Phase 0 denotes the
prompt emission, with phases I, II, III, IV and V denoting the steep decayphase, shallow decay phase,
normal decay phase, jet break, and flares, respectively. Segments Iand III are the most common, and are
therefore marked with solid lines. Typical temporal indices of the four power law segments are shown.

1.4.4 X-ray afterglow

The ‘canonical’ X-ray afterglow (Nousek et al., 2006; O’Brien et al., 2006; Zhang et al., 2006)

is shown in Fig. 1.5, and consists of five distinct stages based on the observational data from the

Swift XRT. There is a smooth transition between the prompt emission and afterglow phase.

1. Steep decay phase:Directly after the prompt emission, the X-ray afterglow decays very

rapidly. This is thought to be due to the curvature effect (e.g. Kumar & Panaitescu, 2000;

Dermer, 2004; Panaitescu et al., 2006; Willingale et al., 2010), where the curved shape

of the emitting shell results in a noticeable range of light travel times, so that when the

shell ceases to emit, the last light from high latitude regions arrives later than that from the

central region, resulting in a rapidly diminishing flux as the emitting region shrinks, rather
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than the sudden cutoff expected for temporally coincident cessation. The temporal decay

slope predicted by the curvature effect to appear in the light curves isα = β + 2, whereβ

is the spectral index of the emission, and the flux density at agiven frequency isFν = ν−β.

2. Shallow decay phase:So-called because its temporal index is too shallow to be consistent

with a forward shock decelerating in the ambient medium as predicted by the standard

fireball model. This feature has been claimed as evidence forongoing energy injection

from the central engine, and is one of the features most citedin favour of the magnetar

model (Fan & Xu, 2006; Rowlinson et al., 2010a, 2013). Its implication in the context of

central engines is discussed in Section 1.4.6. The shallow decay phase is what is usually

meant by a ‘plateau’ in the afterglow.

3. Normal decay phase:Unlike the previous two phases, the normal decay phase was ob-

served pre-Swift. It has a typical slope ofα = 1.2, which is consistent with a decelerating

shock in the slow cooling regime (Zhang et al., 2006).

4. Jet break: An achromatic steepening is observed in some GRBs, which is usually inter-

preted as the drop in flux associated with the beaming angle becoming greater than the

physical opening angle of the jet, allowing the observer to ‘notice’ the jetted structure for

the first time. This is further discussed in section 1.4.1.

5. Flares: Flaring activity has been observed in at least 47% ofSwift GRB afterglows (Swen-

son & Roming, 2014). These flares are generally believed to share a common mechanism

with the prompt emission (Burrows et al., 2005; Falcone et al., 2006; Curran et al., 2008;

Chincarini et al., 2010; Margutti et al., 2011; Sonbas et al.,2013) because they exhibit

highly comparable spectra. This implies long-lived emission or a restarting central engine,

e.g. through late-time accretion, refreshed shocks, or magnetar activity.

20



Chapter 1. Introduction 1.4. Emission mechanics

1.4.5 Broadband afterglows

The first detection of a LGRB optical afterglow was made for GRB 970228 (van Paradijs et al.,

1997), and the first SGRB detection was for GRB 050709 (Fox et al., 2005; Hjorth et al., 2005).

Around40% of Swift detected GRBs have optical counterparts observed by UVOT (Roming et al.,

2009), with a further20% – 30% recovered by ground-based observatories (Greiner et al.,2011).

GRB optical light curves do not show the very steep decay phaseobserved in the X-ray band, but

a shallow decay phase was observed in 39 of the 146 well-sampled optical light curves in Li et al.

(2012). For both classes, a correlation has been found between the fluence of the prompt emission

and the optical afterglow luminosity at a fixed time after trigger (Nysewander et al., 2009; Kann

et al., 2011). For LGRBs with X-ray afterglows, Greiner et al. (2011) showed that the optical/NIR

afterglow is detected in90% (35/39 bursts in their sample) of cases when observations began

within four hours of trigger. Broadband modelling of SGRBs suggests that the opening angles of

the prompt emission jets are on average larger than those found in LGRBs, and that they also pos-

sess lower energies and occur in regions with lower ambient densities. The X-ray and optical light

curves of 24 LGRBs were compared in Melandri et al. (2008), who found different behaviours

between the two, including 10 of their sample which were inconsistent with the forward shock

emission model as predicted by the standard fireball scenario.

The detection rate of GRB radio afterglows is only∼ 30% (Chandra & Frail, 2012), much lower

than at X-ray (∼ 95%) and optical (∼ 70%) frequencies. The traditional wisdom is that this detec-

tion rate is low due to instrument sensitivities (e.g. Frail, 2005b); however, Hancock et al. (2013)

have suggested that radio afterglows are intrinsically divided into two classes: radio-bright and

radio-faint, with at least30% of GRBs (the radio-faint class) having no detectable radio afterglow.

Their sample of radio-bright GRBs exhibit higher gamma-ray fluences, isotropic energies, X-ray

fluxes, and optical fluxes than the radio-faint class, suggesting two physically distinct populations.

The radio afterglow can be significantly delayed for up to weeks or even months after trigger, be-

cause the peak frequency of the synchrotron spectrum can take a long time to pass through the
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radio band (e.g. Sari et al., 1998; Wijers & Galama, 1999). A radio detection of a GRB provides

a useful constraint on the isotropic energy release of the burst through radio calorimetry.

1.4.6 Central engines

The energy requirements and compactness constraints severely narrow the list of possible central

engines. Candidates must be very compact, have a large energyreservoir, and be capable of

launching relativistic outflows with Lorentz factors of at least∼ 100. The two most commonly

discussed central engines are accreting black holes (BH), and highly magnetised, rapidly-rotating

neutron stars (NS), known as magnetars. Both of these centralengines can be produced by core

collapse (LGRBs; e.g. Popham et al., 1999; Dessart et al., 2008) or binary merger (SGRBs; e.g.

Rosswog et al., 2003; Giacomazzo & Perna, 2013), but the discussion here focuses around the

SGRB binary merger scenario.

Black hole central engine

In the BH central engine model, the merger of a NS with a stellarmass BH, or a binary NS

system, leaves behind a BH of several M⊙ that is surrounded by an accretion disc with a mass in

the range0.01 – 1 M⊙ (Woosley, 1993; Popham et al., 1999). Jets are launched through magnetic

processes,e± pair annihilation, or neutrino interactions (Paczynski, 1991; Narayan et al., 1992;

Katz, 1997; MacFadyen & Woosley, 1999; Rosswog et al., 2003; McKinney, 2006; Lei et al.,

2013), tapping a small fraction of the gravitational energyof the system. Aside from possessing

a plentiful supply of energy, the advantages of the BH centralengine model are that the merger

rate of NS-BH and NS-NS binaries in the Universe is consistentwith the rate of GRBs (assuming

strong beaming; Narayan et al., 1991; Phinney, 1991), and the presence of a BH helps provide a

low-baryon environment, as is thought to be necessary when launching a relativistic jet.

The major disadvantage of the BH central engine is that it doesn’t offer a natural cause for the late-
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time flattening observed in∼ 50% (Rowlinson et al., 2013) of SGRB light curves, which is often

taken to be evidence of energy injection from a long-lived central engine. This can be seen for

up to104 seconds after trigger, far longer than the viscous timescale for a realistic accretion disc.

Several models have been put forward to correct this apparent discrepancy, including a prolonged

coasting phase (Duffell & MacFadyen, 2014), fallback accretion (Rosswog, 2007), and a CBM

cavity excavated by a pulsar (Holcomb et al., 2014). A refreshed shock from stratified shells of

ejecta with a distribution of Lorentz factors has also been discussed (Rees & Ḿesźaros, 1998).

Magnetar central engine

The magnetar central engine cannot be formed if one of the constituents is a BH, and so its pro-

genitor set is more limited than in the BH case. NS binaries aretypically favoured (e.g. Rosswog

et al., 2003; Belczynski et al., 2006), but white dwarf binaries and the accretion-induced collapse

of white dwarfs have also been suggested to contribute to thepopulation (e.g. Chapman et al.,

2007; Metzger et al., 2008). The merger remnant is a hyper-massive NS with a millisecond spin

period and an intense dipole field of the order of1015 G. The major success of the magnetar

model is its ability to naturally explain the long-lived X-ray plateaux, which can be interpreted as

energy injection into the forward shock from magnetic dipole spin-down as the rapidly-rotating

NS loses angular momentum along open field lines at early times after birth (Usov, 1992; Zhang

& M ésźaros, 2001; Metzger et al., 2011; Rowlinson et al., 2013). Thephysics of magnetars is

further discussed in Section 1.5.

Most of the criticism of the magnetar model centres around the prompt emission. The major issue

is that, because the magnetar doesn’t clear its local environment like the BH central engine does,

the jet must be launched in a baryon-rich environment, and the resulting baryon loading makes

it very difficult to launch jets with the requisite Lorentz factors (e.g. Drenkhahn & Spruit, 2002;

Dessart et al., 2007). Simulations show that jets can be launched magnetically (e.g. Bucciantini

et al., 2008, 2009, 2012), but with low Lorentz factors and for LGRB models invoking supernovae
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that excavate a low density cavity, inconsistent with binary mergers. There is also significant doubt

that a binary NS merger can resist collapse to a BH, although there are some recent merger simu-

lations with a stable hyper-massive NS remnant (Giacomazzo& Perna, 2013; Hotokezaka et al.,

2013). Finally, the energy available from a magnetar central engine is limited to the rotational

energy of the central object, meaning that GRBs with beaming-corrected energies exceeding a

few 1052 erg are inconsistent with the model; the available kinetic energy is approximately:

Etotal ∼ 3 × 1052

(

P

1 ms

)−2

erg (1.3)

whereP is the spin period of the NS in ms (cf. Gao et al., 2013a; Metzger & Bower, 2014).

1.5 Magnetars

The existence of magnetars in the Milky Way Galaxy is well established through observation.

Evidence comes from observations of soft gamma-ray repeaters (SGR; Norris et al., 1991), which

were first detected on the 5th of March, 1979 (SGR 0526-66; Mazets et al., 1979) in the∼ 104

year old supernova remnant N49. The relative hardness and extreme luminosities of these events

suggest they identify with NSs with dipole fields of the orderof 1015 G (Thompson & Duncan,

1995), despite being millions of years old. Thompson & Duncan (1995) also present six inde-

pendent arguments for a birth dipole field of the order of∼ 1015 G for the magnetar behind the

aforementioned SGR 0526-66. A number of other SGR events have been studied, and the central

engines found to be magnetars with strong (∼ 1014 – 1015 G) dipole fields (e.g. Kouveliotou et al.,

1998, 1999; Woods et al., 1999; Esposito et al., 2010).
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Figure 1.6: Neutron star mass measurements with 1-σ uncertainties, taken from Lattimer (2011). Upper-
most region is for X-ray binaries, lowermost regions are for pulsar timing measurements. Dotted (dashed)
lines indicate simple (weighted) mass averages for a region. B1516+02B and J1748-2021B do not have
measured inclinations, and the error bars should be treated with caution.
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1.5.1 Neutron stars

Neutron stars are most commonly created through core-collapse supernovae, but can also be

formed via the accretion-induced collapse of a white dwarf.The range of known masses is

1.25 M⊙ – 2.01 M⊙ (Miller & Miller, 2015), which correspond to PSR J0737-3039B (Lyne et al.,

2004) and PSR J0348+0432 (Antoniadis et al., 2013), respectively. The distribution of known NS

masses is shown in Fig. 1.6. Accurate measurements of NS masses are vital in determining the

NS equation of state, the pressure-density relation that determines the star’s compressibility. A

soft equation of state, indicating a more compressible composition, limits the maximum mass that

can be achieved before the NS collapses to a black hole. For the scenario in which a magnetar is

formed by binary merger, a reasonably hard equation of stateis required, as the parent NSs are

likely to have individual masses of around1.4 M⊙, merging to form a NS in the region of2 M⊙.

Accurate mass measurements using Shapiro delay5 (Shapiro, 1964) have confirmed the existence

of NSs in this mass range (e.g. Demorest et al., 2010). Some example NS equations of state are

shown in Fig. 1.7.

Because the merger remnant will be rapidly-rotating, it alsobenefits from rotational support, fur-

ther enhancing (at least temporarily) the maximum mass thatcan be formed. Uniform rotation

can support a stable NS up to1.2× Mmax (Cook et al., 1992, 1994), where Mmax is the maximum

non-rotating mass (in M⊙) allowed by the equation of state. This can be even higher if differential

rotation is invoked (Baumgarte et al., 2000), or for an unstable product that will eventually col-

lapse into a black hole. Taking the upper mass limit from Antoniadis et al. (2013), this implies a

maximum stable merger remnant of2.4 M⊙.

5A general-relativistic increase of light travel time through the curved space-time near a massive body, resulting
in a measurable time-delay. For binary NSs, this manifests as a periodic signature in systems with a favourable
inclination.
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Figure 1.7: Mass-radius diagram for NSs, from Lattimer & Prakash (2004). Black (green) curves show
a selection of normal (exotic) matter equations of state. Regions excluded bygeneral relativity, causality
(vsound > c on NS surface), and rotation (spin break-up limit) constraints are indicated.

1.5.2 Field amplification

Magnetars exhibit the strongest magnetic fields in the Universe, with surface dipole fields of the

order of 1014 – 1015 G (e.g. Hurley et al., 2005; Palmer et al., 2005). A number of different

processes have been proposed to generate these extreme values, the main ones being anα – Ω

dynamo (Duncan & Thompson, 1992; Thompson & Duncan, 1993), shear instabilities during

compact object merger (Price & Rosswog, 2006), or magneto-rotational instabilities during core

collapse (Akiyama et al., 2003; Thompson et al., 2005).
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1.6 This thesis

The focus of this thesis will be on modelling the central engine and environments of EE GRBs,

although some attention is paid to the SGRB class as a whole.

In Chapter 2, the sample of EE GRBs is identified, and the EE energybudget is assessed, and

tested for compatibility with energy injection from a spinning-down magnetar. This is based on

work originally published in Gompertz et al. (2013).

Chapter 3 is based on work published in Gompertz et al. (2014),and investigates one potential

physical mechanism behind EE: a magnetic propeller, which accelerates fall-back material to

super-Keplerian velocities in the aftermath of a compact binary merger that forms a magnetar.

The first contiguous fits to both the extended tail and late-time X-ray afterglow are presented.

In Chapter 4, a template is developed for the expected radio signature of an expanding forward

shock that is undergoing energy injection from a magnetar via magnetic dipole spin-down for both

EE and SGRBs. The detectability of this signature is discussedin the context of present day and

near-future radio telescopes. This is based on work originally published in Gompertz et al. (2015).

Chapter 5 recounts the key conclusions from the science chapters, and summarises our current

understanding of the magnetar model. Suggestions for future work to enhance this understanding

are also made.
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2
Can magnetar spin-down power extended

emission in some short GRBs?

This chapter presents the work originally published in Gompertz et al. (2013).
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Chapter 2. The extended emission energy budget

Abstract

Extended emission gamma-ray bursts are a subset of the ‘short’ class of burst which exhibit an

early time re-brightening of gamma emission in their light curves. This extended emission arises

just after the initial emission spike, and can persist for upto hundreds of seconds after trigger.

When their light curves are overlaid, the sample of fourteen extended emission bursts show a

remarkable uniformity in their evolution, strongly suggesting a common central engine powering

the emission. One potential central engine capable of this is a highly magnetised, rapidly rotating

neutron star, known as a magnetar. Magnetars can be formed bytwo compact objects coalescing,

a scenario which is one of the leading progenitor models for short bursts in general. Assuming

a magnetar is formed, a value for the magnetic field and late-time spin period for nine of the

extended emission bursts is obtained by fitting the magneticdipole spin-down model of Zhang &

Mésźaros (2001). Assuming the magnetic field is constant, and theobserved energy release during

extended emission is entirely due to the spin-down of this magnetar, the spin period at birth for

the sample is derived. The resulting birth spin periods are in good agreement with those predicted

for a newly born magnetar.
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2.1 Introduction

This chapter introduces and investigates the process by which a newly-born millisecond magnetar

sheds angular momentum along open magnetic field lines, known asmagnetic dipole radiation.

In systems such as those theorised for SGRBs, where jets have been launched by the merger of

two compact objects and subsequently slowed by interactions with the CBM (see Section 1.4.3),

the dipole emission from the NS is absorbed and reprocessed in the radiating shock that surrounds

it. Magnetic dipole radiation is therefore not observed directly, but inferred from the light curves,

where plateaux are seen and interpreted as energy injectionfrom a long-lived central engine. The

interpretation of the light curves, and the implications the observed plateaux hold for the central

magnetar are discussed in Section 2.4.1. Here, the origin ofthis radiation is discussed to introduce

the chapter. The derivation is based on Chapter3 of Rybicki & Lightman (1986) and Section10.5

of Shapiro & Teukolsky (1986).

2.1.1 The radiation field

A particle1 at timet has conditions determined by those at the retarded time,t′. This is a light

travel time concept; an observer attempting to measure conditions at a pointr and timet will

instead receive information propagating from pointr′ at the speed of light, and the actual time at

which this information was emitted,t′, is the retarded time:

t′ = t −
r − r′

c
. (2.1)

This is a simple speed-distance-time argument. A particle at a given retarded position and time

has velocityu = ṙ′(t′) and acceleratioṅu = r̈′(t′).

1A test particle is used in this description, but is a misnomerin terms of dipole radiation from a magnetar; the
field responds to conditions on the NS surface rather than a particle (or cloud of particles) orbiting around it.
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The electric field induced by a particle with chargeq moving with a velocityu at pointr and time

t is given by

E(r, t) = q

[

(n − β)(1 − β2)

κ3R2

]

+
q

c

[

n

κ3R
∧

{

(n − β) ∧ β̇
}

]

, (2.2)

whereβ = u
c
, κ = 1 − n.β and n is the unit vectorR

R
, whereR(t′) = r − r′(t′) andR(t′) =

|R(t′)|. The first term is the velocity field, which falls off as1/R2 and is just the generalisation

of Coulomb’s law to moving particles. If the particle moves with constant velocity, only this term

contributes to the electric field.

The second term is the acceleration field, and falls off as1/R. This field is proportional to the

particle’s acceleration, and perpendicular to n. This electric field, and corresponding magnetic

field, comprises the radiation field:

Erad(r, t) =
q

c

[

n

κ3R
∧

{

(n − β) ∧ β̇
}

]

, (2.3)

Brad(r, t) = [n ∧ Erad]. (2.4)

These properties are consistent with the radiation solutions of the source-free Maxwell equa-

tions. Brad is perpendicular to bothErad and n, and has a magnitude equal toErad. Figure 2.1

demonstrates how the1/R decrease occurs, rather than the1/R2 profile associated with a non-

accelerated charge. A particle moving along the curved bluepath constantly experiences an accel-

eration towards the centre, which translates into a linear deceleration at each position on the track.

Information on this deceleration propagates outwards at the speed of light, but beyond a radius of

ct the field lines are not ‘informed’ of the deceleration, and sothe field lines beyond this limit are

radial, and point towards the position that the particle would be in if no deceleration had occurred.

Within ct the field lines expand radially from the true position of the particle.

For these two regions to be consistent with Gauss’ law and fluxconservation, they must connect

through a transition region as illustrated in Figure 2.1. The radial thickness of the transition zone
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Figure 2.1: The1/R acceleration field. The charged particle (black circle) follows the curvedpath (blue
line). Curved motion describes a linear deceleration. Field lines within a radiusct ‘receive’ information
of this deceleration and point towards the particle, but outside of this radiusthe field lines are not yet
‘informed’, and so point to where the particle would have been with no deceleration (red circle).

is the time interval over which the deceleration occurs. Thenumber of field lines passing through

the transition zone annulus is conserved, and so from geometric arguments the field intensity in

this zone is proportional to1/R. The thickness of the annulus is constant for each wavefront, and

sinceR = ct the annulus position varies asR. The field strength is therefore proportional to1/R

The discussion can be specialised to the non-relativistic case, where

|β| =
u

c
≪ 1. (2.5)
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In this regime, the order of magnitude comparison betweenErad andEvel is

Erad

Evel

∼
Ru̇

c2
. (2.6)

If the particle has a characteristic frequency of oscillation ν, then u̇ ∼ uν, and equation 2.6

becomes
Erad

Evel

∼
Ruν

c2
=

u

c

R

λ
. (2.7)

This equation shows that each field component is dominant in adifferent zone; the velocity field

dominates a ‘near’ zone (R . λ) by a factor of& c/u, whereas in the ‘far’ zone (R ≫ λc/u) the

radiation field dominates, and increases its domination with increasingR.

2.1.2 Larmor’s formula and the dipole approximation

Whenβ ≪ 1, equations 2.3 and 2.4 simplify to

Erad =
[

(q/Rc2)n ∧ (n ∧ u̇)
]

(2.8)

and

Brad =
[

n ∧ Erad

]

. (2.9)

The magnitudes of both are given by

|Erad| = |Brad| =
qu̇

Rc2
sinα, (2.10)

whereα is the angle between the unit vectorn, which is orthogonal toE andB, and the direction

of acceleration. The Poynting vector is in the direction ofn, and has the magnitude

S =
c

4π
E2

rad =
c

4π

q2u̇2

R2c4
sin2α, (2.11)
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representing an outward flow of energy in then direction. The Poynting vector can be multiplied

by the area (dA = R2dΩ), represented byΩ at the field point, to obtain the energy (dW ) emitted

per unit time into a solid angledΩ about n:

dW

dtdΩ
=

q2u̇2

4πc3
sin2α. (2.12)

The total power emitted into all angles can be obtained by integrating over all solid angles:

P =
dW

dt
=

q2u̇2

4πc3

∫

sin2αdΩ

=
q2u̇2

2c3

∫ 1

−1

(1 − µ2)dµ.

(2.13)

This leads to Larmor’s formula for emission from a single accelerated charge:

P =
2q2u̇2

3c3
. (2.14)

Obtaining the radiation field by summing the contribution from each particle is very complicated

for many-particle systems because the above equations refer to the conditions at retarded times,

and the retarded time will be different for each particle. However, if the typical timescale for

changes within the system,τ , is much greater than the crossing timeL/c, whereL is the typical

size of the system, then the differences in retarded times become negligible.

τ can also be characterised as the time it takes for a particle to change its motion substantially. If

l is the characteristic scale of the particle’s orbit, thenτ ∼ l/u. Havingτ ≫ L/c then implies

u/c ≪ l/L, which is equivalent to the non-relativistic conditionu ≪ c becausel < L. The

non-relativistic form of the radiation fields can thereforebe used.
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The radiation field for a system of many particles can be written as

Erad =
∑

i

qi

c2

n ∧ (n ∧ u̇i)

Ri

. (2.15)

Evaluating the field at a large distance,R0, from the source means that the differences inRi are

negligible, giving

Erad =
n ∧ (n ∧ d̈)

c2R0

, (2.16)

where

d =
∑

i

qiri (2.17)

is the electric dipole moment. This dipole approximation toLarmor’s formula (equation 2.14) can

then be used to express the emission from a system of multiplecharges:

P =
2d̈2

3c3
. (2.18)

By analogy with the Larmor formula for electric dipole radiation, the power radiated by a magnetic

dipole is

P =
2m̈2

3c3
, (2.19)

wherem is the magnetic dipole moment. This is the source of dipole radiation discussed in this

chapter.

2.1.3 The NS dipole moment

In the simplifiedoblique rotator model, the NS is assumed to rotate uniformly at a frequencyΩ,

with a dipole momentm oriented at an angleα to the rotation axis.m is related to the dipole field
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at the magnetic pole of the star (Bp) by

|m| =
BpR

3

2
, (2.20)

whereR is the stellar radius. This configuration has a time-varyingdipole moment as seen from

infinity, and energy is radiated away at the rate described inequation 2.19. Writing

m =
1

2
BpR

3
(

e‖cosα + e⊥sinαcosΩt + e′⊥sinαsinΩt
)

, (2.21)

wheree‖ is the unit vector parallel to the NS rotation axis ande⊥ ande′⊥ are the two other mutually

orthogonal vectors, and substituting into equation 2.19, we get

P =
B2

pR
6Ω4sin2α

6c3
; (2.22)

the magnetic dipole spin-down emission.

2.2 Sample selection and data reduction

The data used here were collected by theSwift satellite (Gehrels et al., 2004). Three instruments

are carried on board: The Burst Alert Telescope (BAT; Barthelmy et al., 2005a), which has an

energy range of15 – 150 keV, the X-Ray Telescope (XRT; Burrows et al., 2005), energy range0.3

– 10 keV and the Ultra-Violet and Optical Telescope (UVOT; Rominget al., 2005).

Raw BAT data for each burst were collected from the UKSwift Science Data Centre (UKSSDC)

archives and processed using theSwift BAT pipeline toolBATGRBPRODUCT. For all EE GRBs,

the BAT data were analysed by creating light curves with a variety of binning in signal-to-noise

ratios (SNR) and time, looking for evidence of EE at the 3σ level where EE was consistently

seen over more than30 s. Using this method, a sample of fourteen GRBs with EE was collected,
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GRB Γ z Ref.
050724 1.77 0.25761 Covino et al. (2005)
050911 1.94 0.16462 Page et al. (2005)
051227 1.46 2.83a Barbier et al. (2005)
060614 1.79 0.12544 Parsons et al. (2006)
061006 2.03 0.43775 Schady et al. (2006)
061210 2.20 0.40956 Cannizzo et al. (2006)
070714B 1.15 0.92247 Racusin et al. (2007)
071227 1.54 0.3818 Sakamoto et al. (2007)
080123 1.99 (0.39) Ukwatta et al. (2008)
080503 1.76 (0.39) Mao et al. (2008)
090531B 2.07 (0.39) Cummings et al. (2009)
090715A 1.38 (0.39) Racusin et al. (2009a)
090916 1.57 (0.39) Troja et al. (2009)
111121A 1.50 (0.39) D’Elia et al. (2011)

Table 2.1: Selected sample of EE GRBs. Bracketed values for redshift,z, indicate no published value
was available. In these cases the mean value of the EE sample wherez is known was used.aupper limit.
1Prochaska et al. (2005);2Berger & Boss (2005);3D’Avanzo et al. (2009);4Price & Rosswog (2006);
5Berger (2007);6Cenko et al. (2006);7Graham et al. (2009);8D’Avanzo et al. (2007)

including twelve which were identified as extended by Norriset al. (2010). This sample is shown

in Table 2.1.

The XRT data were downloaded from the UKSSDC spectrum repository (Evans et al., 2009), and

were corrected for absorption using a ratio of (counts to fluxun-absorbed)/(counts to flux ob-

served). Details of the data reduction process can be found in Evans et al. (2007, 2009). Standard

HEASOFT tools were used during data reduction.

To plot the BAT data alongside the XRT, the BAT light curves were extrapolated from their15 –

150 keV bandpass down to the XRT bandpass of0.3 – 10 keV using a correction factor comprised

of the net count rate in the15 – 150 keV range and the extrapolated flux in the0.3 – 10 keV

range, found using a power law fit to the pre-slew BAT spectrumin XSPEC(Arnaud, 1996). These

combined light curves were made by taking the4 ms BAT light curves from theBATGRBPRODUCT

pipeline and binning them with a SNR of4, the one exception being GRB 080123, which was

done with a SNR of3. The light curves were then k-corrected, using the method described in
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Bursts with Unknown z

Figure 2.2: Overlay of all bursts with extended emission, showing the apparently common evolutionary
path. Left: bursts with knownz. Black - 050724; red - 050911; green - 060614; blue - 061006; lightBlue
- 061210; pink - 070714B; yellow - 071227. Right: bursts using the sampleaveragez = 0.39. Orange -
051227 (Using the upper limitz = 2.8, D’Avanzo et al. 2009); lime Green - 080123; mint Green - 080503;
blue - 090531B; purple - 090715A; red - 090916; grey - 111121A.

Bloom et al. (2001) to give bolometric (1 – 10000 keV) rest-frame light curves. The redshifts used

during k-correction are displayed in Table 2.1. Where no constraints on redshift were available,

the average for the sample,z = 0.39, was used. The value ofz = 2.8 quoted for GRB 051227 is

an upper limit (D’Avanzo et al., 2009).

2.3 Evidence for a common central engine

Fig. 2.2 shows the EE sample from Table 2.1 plotted together.The left panel shows bursts with

known redshift, whilst the right panel is the rest of the sample using the mean redshift value

from bursts wherez is known. A striking similarity can be seen between the evolution of all EE

bursts, particularly the ones wherez is known. The luminosity of the individual plateaux appear

to be highly comparable between bursts, and the timescales in which these plateaux turn over
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also show a great deal of regularity. Such uniformity is highly suggestive of a common central

engine, and hints at a unique difference between SGRBs and EE GRBs, but one that is common

amongst the EE sample. One possible explanation for this uniformity is the correlation noted by

Bucciantini et al. (2012) between magnetar outflow energy andjet opening angle, resulting in

relatively constant isotropic power (within a factor∼ 3) for a given ejecta mass. GRB 051227 has

been plotted in the right panel of Fig. 2.2, since it does not have a firm redshift. Usingz = 2.8

gives its EE tail (the 1st plateau at around10 . t . 100 s) a slightly higher luminosity than those

in the left panel. D’Avanzo et al. (2009) give a tentative lower limit of z & 0.8, and claim that

the colour observations of the possible host galaxy are consistent with those of an irregular galaxy

at z ∼ 0.8. Usingz = 0.8 would place GRB 051227 at around the same luminosity level as the

known redshift bursts in Fig. 2.2.z = 2.8 is used for this burst in the following analysis to place

it at an extreme luminosity.

2.4 The magnetar model

2.4.1 Magnetic dipole spin-down

The magnetic dipole spin-down model is detailed in Zhang & Mésźaros (2001), and has been used

on both SGRBs (e.g. Fan & Xu, 2006; Rowlinson et al., 2013) and LGRBs(e.g. Troja et al., 2007;

Lyons et al., 2010; Dall’Osso et al., 2011; Bernardini et al.,2012). In this chapter, the model

is fitted to the the late-time plateau, seen emerging from beneath the fading EE tail in Fig. 2.3

at times of around100 – 1000 s. This allows the magnetic field and spin period of the central

magnetar to be derived, although the calculated spin periodmust then be corrected for spin-down

during EE to get the true birth period (see Section 2.4.2).

The basic outline is that the central engine, in this case a magnetar, emits both an initial impulse
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Figure 2.3a: Light curves fitted with the magnetic dipole spin-down model. Red points have been fitted
to, grey points have not, most noticeably the late-time flare in GRB 050724 and the ∼ 400 s flare in
GRB 070714B. The vertical dashed lines indicate the extended emission region, between which extended
emission energy is calculated by integrating under the curve.
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Figure 2.3b: Dipole model fits to 061210, 070714B, 071227 and 080123.
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Figure 2.3c: Dipole model fit to 111121A.

energyEimp as well as a continuous injection luminosity which varies asa power law in the

emission time. The initial impulse energy represents the prompt emission of the burst (excluding

EE), and is a short, violent event which transitions into a power law decay at very early times. The

continuous injection luminosity is the product of the magnetar spinning down, and begins as soon

as the magnetar is formed. Although it is present throughout, it’s at a much lower level than the

initial impulse, and so is initially hidden beneath the moreluminous component. At a critical time,

Tc, the prompt emission has faded enough so that the injection luminosity begins to dominate the

light curve, causing it to flatten. This effect can be seen in the red data points in Fig. 2.3. The

plateau then re-steepens after the characteristic timescale for dipole spin-down,Tem. At this point,

the magnetar reveals itself as either unstable, collapsinginto a BH with a sudden drop in the light

curve, or stable, continuing to decay with a comparatively shallow power law.

To derive the parameters that control the injection luminosity plateau, the dimensions of the

plateau itself must be ascertained by fitting. The area of interest for fitting is the point at which

the continuous injection (dipole spin-down) luminosity emerges from beneath the initial impulse

energy and the fading EE tail, shown by the red data points in Fig. 2.3. Obtaining fits that describe
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Chapter 2. The extended emission energy budget 2.4. The magnetar model

the luminosity and duration of this plateau allows the magnetic field and spin period of the sample

to be found. The key equations for the model are:

Tem,3 = 2.05 (I45B
−2
p,15P

2
0,−3R

−6
6 ) (2.23)

L0,49 ∼ (B2
p,15P

−4
0,−3R

6
6) (2.24)

B2
p,15 = 4.2025I2

45R
−6
6 L−1

0,49T
−2
em,3 (2.25)

P 2
0,−3 = 2.05I45L

−1
0,49T

−1
em,3 (2.26)

whereTem,3 is the characteristic timescale for dipole spin-down in 103 s, L0,49 is the plateau

luminosity in 1049 erg s−1, I45 is the moment of inertia in units of 1045 g cm2, Bp,15 is the magnetic

field strength at the poles in units of 1015 G, R6 is the radius of the NS in 106 cm andP0,−3 is the

spin period of the magnetar in ms. The mass of the magnetar wasset to1.4 M⊙ and the radius was

106 cm. Using these values, the moment of inertia, I, is9.75 × 1044 g cm2. Equations 2.23–2.26

are taken from Zhang & Ḿesźaros (2001) and were combined into aQDP Component Definition

(COD) file for fitting to data by Rowlinson et al. (2013) during their work. This COD file was

used to obtain fits as previously in the current work. It has been assumed that emission is both

isotropic and 100% efficient, since little is known about theprecise emission mechanism and

beaming angle. Lyons et al. (2010) discussed the effects of beaming in the context of the magnetar

model, and showed that a narrower opening angle results in higherB andP (slower spin). This is

illustrated by their Fig. 4.

The magnetic dipole spin-down model was fitted to the late-time data of the rest-frame light curves

of nine GRBs with EE. Of the original sample of fourteen bursts,five did not contain sufficient

data points for accurate model fitting and were dropped from the sample. GRB 050911, GRB

090715A and GRB 090916 do not have XRT data available, and the XRT data for GRB 090531B

contains only a single point and an upper limit. GRB 080503 either has an incredibly weak dipole

plateau or none at all (Perley et al., 2009), so values for magnetic field and spin period were

unobtainable. Table 2.2 contains the results of the fitting to the nine remaining GRBs.
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GRB Region P0 B α Reduced
(s) (ms) (1015G) χ2

050724 ≥ 200 21.8+1.23
−1.08 23.9+4.23

−3.41 8.43+0.01
−0.01 2.71

051227 ≥ 30 4.56+0.27
−0.24 5.49+0.64

−0.57 3.20+0.22
−0.18 1.04

060614 ≥ 150 14.8+0.15
−0.14 3.29+0.06

−0.06 3.59+0.04
−0.04 1.43

061006 ≥ 20 29.1+1.60
−1.42 18.4+3.07

−2.78 4.53+0.24
−0.26 2.40

061210 ≥ 35 10.6+5.39
−7.35 3.61+0.43

−0.33 4.94+0.03
−0.03 0.57

070714B ≥ 100 7.12+0.94
−1.04 8.38+0.95

−0.85 2.69+0.43
−0.31 1.31

071227 ≥ 130 19.9+2.56
−2.56 11.3+4.06

−2.74 5.02+0.53
−0.30 0.57

080123 ≥ 156 97.3+11.1
−8.64 71.6+22.4

−15.9 7.91+0.02
−0.02 1.95

111121A ≥ 146 7.25+0.19
−0.22 6.72+0.28

−0.32 3.95+0.41
−0.36 1.27

Table 2.2: Results of fitting the magnetic dipole spin-down model to the sample of extended emission
bursts.P0 is the spin period after EE in ms,B is the magnetic field in1015G. α is the power law of the
decay slope. All errors are 1σ.

Fig. 2.3 shows the individual fits for each of the nine bursts,along with the estimated EE region,

denoted by the vertical dashed lines. The start of the EE region is taken as the first upturn in the

light curve after the initial prompt emission spike. EE is said to have ceased at the time of the final

power law decay before the onset of the magnetic dipole spin-down plateau. Using these defini-

tions, the fluence ratios of Perley et al. (2009) and the EE duration times of Norris et al. (2010) are

reasonably recreated. For each burst, a solution was found in which the data was accurately traced

by the model, and the results returned for the values ofB andP0 lie unambiguously in allowed

parameter space.

P0 is referred to as the initial spin period of the magnetar by Rowlinson et al. (2013). Whilst this

is true for short bursts where spin down only occurs due to EM dipole radiation, the story is more

complicated for EE bursts. Since the assumed mechanism behind the EE tail is the extraction of

rotational energy from the spin of the magnetar, the spin period during this time must be variable.

In fact, during this time the magnetar may be spun up by accretion on to the surface, or down by

a variety of mechanisms in addition to the constant dipole spin down that exists in the pure short

GRB case. Thus, for these EE bursts,P0 has been taken as the spin period after EE. This issue is

returned to in Section 2.4.2.
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Chapter 2. The extended emission energy budget 2.4. The magnetar model

The derived values ofB andP0 are plotted against each other in Fig. 2.4, where the three vertical

and two horizontal lines denote allowed parameter space forthe birth of a magnetar powering a

GRB. The lower limit on spin period is the spin break-up frequency for a1.4 M⊙ NS with a radius

of 10 km (Lattimer & Prakash, 2004). Also plotted is the limit for a2.1 M⊙ NS with the same

radius, shown by the dashed line. These limits may vary with uncertainties in the equation of state

of the NS. Usov (1992) calculated the minimum allowed spin frequency at birth if the progenitor is

the accretion-induced collapse of a WD. Based on conservationof angular momentum, the upper

spin period limit would be10 ms for this type of progenitor. The minimum magnetic field required

to produce a GRB observable in the gamma band (Thompson, 2007), sets the lower boundary for

B at1015 G. The initial impulse energy of the burst is accounted for bya power law with a decay

slopeα after the prompt emission. In practice, this power law simply models the light curves in

the region between the EE tail and the dipole spin-down plateau. It can be seen from the results

and the fits in Fig. 2.3 that all magnetars in this sample are stable.

For a dipole plateau to appear,Tem must be greater thanTc, otherwise the continuous injection

luminosity is spent before the prompt emission has faded sufficiently for it to be observable. This

places an observational constraint on the results; magnetic fields and spin periods that combine to

produce very short or faint plateaux cannot be measured as they do not show up in the light curve.

This constraint is even more relevant in EE GRBs than SGRBs, as theEE serves to lengthen

Tc, placing a higher requirement onTem. Fig. 2.5 shows the region of parameter space that is

observable, with the results forB andP found by fitting plotted for reference. These results are

not corrected for EE. The minimum luminosity has been set as1044 erg s−1 and minimumTem as

500 s for EE GRBs,Tem > 50 s for SGRBs. These are based on inspection of the light curves,

and as such are not hard limits but rather representative of likely values.
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Figure 2.4: Plot of the spin period before and after extended emission against magnetic field strength.
Spin period evolves from the left (Pi, birth) of the dotted lines, through extended emission, to the right
(P0). Limits (denoted by solid lines): Vertical left (red) - spin break-up frequency for a1.4 M⊙ (solid) and
2.1 M⊙ (dashed) NS with a10 km radius (Lattimer & Prakash, 2004); Vertical right (black) - minimum
allowed spin frequency at birth, based on conservation of angular momentum during the accretion-induced
collapse of a WD (Usov, 1992); Horizontal lower - minimum magnetic field required to produce a GRB
observable in the gamma band (Thompson, 2007); Horizontal upper - generous limit on the maximum
attainable dipole field before the onset of fast field decay (Goldreich & Reisenegger, 1992). Bursts: red -
050724; green - 051227; dark blue - 060614; light blue - 061006; pink - 061210; yellow - 070714B; orange
- 071227; light green - 080123; purple - 111121A.
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Figure 2.5: The observable region of parameter space. The lower solid grey line is the luminosity limit,
set to1044 erg s−1. Below this line, the plateau is too faint to be observable. The upper solid grey line is
the duration limit,Tem = 500 s. Above this line,Tem is too short to produce a plateau in the light curve;
dipole emission dies away before EE has faded sufficiently for it to show up. The dashed grey line is the
equivalent limit for SGRBs, based on a minimumTem of 50 s. Limits and bursts as Fig. 2.4.

2.4.2 The extended emission tail

Once a fit has been found for the late-time data of a specific burst, the magnetic field strength,

B, and the spin period after EE,P0 become known quantities. The energy release of the EE tail

can be calculated fairly simply by estimating the points on the light curve where EE begins and

ends and integrating under the curve between these two points, iedE = L dt. This is done using

linear interpolation between points, and the calculated EEenergies are displayed in Table 2.3.

Assuming a constant magnetic field, and that energy injection during the EE period is entirely

from the spin-down emission of the magnetar, the spin periodthe magnetar possessed at birth,Pi,
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GRB Tstart (s) Tstop (s) ∆E (1050 erg) Pi (ms)
050724 0.8 200 31.3±5.36 2.46±0.21
051227 2 30 58.9±8.13 1.68±0.12
060614 7 150 28.7±0.31 2.55±0.01
061006 4 35 3.52±0.11 7.17±0.12
061210 1 35 2.39±0.30 6.85±0.43
070714B 0.2 100 62.9±3.65 1.70±0.05
071227 0.3 130 53.5±4.40 1.89±0.08
080123 1 156 1.91±0.46 9.98±1.20
111121A 0.6 146 18.9±2.08 2.92±0.16

Table 2.3: Results for the birth spin period,Pi, derived from the extended emission energy,∆E. Tstart and
Tstop mark the beginning and end of the extended tail where the energy is estimated.All errors are 1σ.

can be calculated using

∆E = 2π2I(P−2
i − P−2

0 ) (2.27)

where∆E is the energy in the EE tail,I is the moment of inertia,P0 is the spin period of the

magnetar after EE andPi is the birth spin period. Table 2.3 contains the results fromthis process,

including the time boundaries for EE, the energy found by integration, and the resultant value

derived forPi.

2.5 Discussion

The calculated spin periods for the birth of the magnetar liecomfortably within allowed parameter

space (Fig. 2.4) and are consistent with values predicted inthe literature (Usov, 1992; Thompson

et al., 2004; Chapman et al., 2007). Bursts that do not have a setredshift may vary on the energy

scale, with an error of0.5 in z roughly corresponding to an order of magnitude in the luminosity

scale. Rowlinson et al. (2010a, 2013) discussed the effect ofvarying redshift on the results forB

andP0 in their work, and the argument is well illustrated by Fig. 9(b) in Rowlinson et al. (2013).

The general result is that a higherz corresponds to a lower rotation period (ie faster spin) and lower

magnetic field. A good example is the change in results if the sample average redshiftz = 0.39
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is used for GRB 051227; fitting the magnetic dipole spin-down model then gives a magnetic field

of B = 22.0+2.54
−2.27 × 1015 G and a spin period ofP0 = 30.2+1.79

−1.59 ms. The light curve is also far

less luminous. The EE energy release is just∆E = 1.34 ± 0.19 × 1050 erg, which translates into

Pi = 11.1 ± 0.77 ms.

Fig. 2.6 shows where the values found forB andPi place the EE bursts relative to other SGRB

and LGRB populations taken from Fig. 9(a) of Rowlinson et al. (2013). It can be seen that the EE

bursts show properties that most closely resemble the unstable magnetar population of SGRBs.

Since both magnetic field and spin period are very similar between these two groups, the difference

must lie in some other property, perhaps mass or formation mechanism. This key difference must

prevent the EE sample bursts from collapsing into BHs, and enable, perhaps even cause, the

release of EE energy. Rosswog (2007) showed that accretion discs and fallback accretion exhibit

a much wider spread of behaviours when the compact objects involved in the merger have different

masses. In their work, a NS – NS binary showed fairly homogeneous behaviour, whilst a NS – BH

merger produced a much broader spread of fallback activity.A magnetar cannot be formed from

a BH, but the same principle of unequal masses can be achieved by a system involving a NS –

WD merger, or, with the discovery of increasingly massive NSs(Demorest et al., 2010), possibly

a more exotic NS – NS system.

2.6 Conclusions

EE GRB light curves show a remarkable uniformity when plottedalongside each other, partic-

ularly amongst the bursts where redshift is known. This consistency in plateau luminosity and

turnover times suggests EE GRBs share a common progenitor mechanism which distinguishes

them from ordinary SGRBs.

The magnetic dipole spin-down model of Zhang & Mésźaros (2001) has been fitted to the late-
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Figure 2.6: A plot of magnetic field strength versus spin period. Limits (black and red lines) as Fig. 2.4.
Blue stars: stable magnetars and green circles: unstable magnetars which collapse to form a BH (Rowlinson
et al., 2013). Black ‘+’ symbols are the LGRB candidates identified by Lyons et al. (2010); Dall’Osso et al.
(2011); Bernardini et al. (2012). The red squares are the magnetic fields and birth spin periods (Pi) of
this work. Filled symbols have observed redshifts, open symbols use the sample average redshift, which is
z = 0.39 for EE bursts andz = 0.72 for the SGRBs from Rowlinson et al. (2013).

time data of the light curves of nine GRBs under the assumption that the central engine is a highly

magnetised NS. These fits have yielded values for the magnetic field strength and late-time spin

period. Calculations of the energy contained in the EE regionof bursts in this sample have also

been performed. Assuming this energy release is due to the spin-down of the central magnetar,

and assuming a constant magnetic field, the spin periods these magnetars possessed at birth are

inferred. The spin periods found are in good agreement with published values for the birth of

a magnetar (e.g. Usov, 1992; Thompson et al., 2004; Chapman etal., 2007). These results are

consistent with the idea that EE GRBs could be powered by a spinning-down magnetar.
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3
Magnetar powered GRBs: Explaining the

extended emission and X-ray plateau of short

GRB light curves

This chapter presents the work originally published in Gompertz et al. (2014).
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Chapter 3. Magnetic propellers in EE GRBs

Abstract

Extended emission (EE) is a high-energy, early time re-brightening sometimes seen in the light

curves of short gamma-ray bursts (GRBs). Here, the first contiguous fits to the EE tail and the

later X-ray plateau are presented, unified within a single model. The central engine is a magnetar

surrounded by a fall-back accretion disc, formed by either the merger of two compact objects or

the accretion-induced collapse of a white dwarf. During theEE phase, material is accelerated to

super-Keplerian velocities and ejected from the system by the rapidly rotating (P ≈ 1 − 10 ms)

and very strong (1015 G) magnetic field in a process known as magnetic propellering. The X-ray

plateau is modelled as magnetic dipole spin-down emission.First, the range of GRB phenomena

that the propeller could potentially reproduce are explored, using a series of template light curves

to devise a classification scheme based on phenomenology. Fits to the light curves of nine GRBs

with EE are then obtained, simultaneously fitting both the propeller and the magnetic dipole spin-

down and finding typical disc masses of a few10−3 M⊙ to a few10−2 M⊙. This is done for

ballistic, viscous disc and exponential accretion rates. The minimum conversion efficiency of

kinetic energy to EM emission for propellered material is found to be& 10% and the best fitting

results come from an exponential accretion profile.

53



Chapter 3. Magnetic propellers in EE GRBs 3.1. Introduction

3.1 Introduction

This chapter follows on from the findings and conclusions of Chapter 2, and introduces a poten-

tial mechanism that may be responsible for converting the rotational energy of the NS into the

observed EE tail. The investigated mechanism is a magnetic propeller, an effect in which the

magnetic pressure of an intense dipole field exceeds the ram pressure of an incoming accretion

flow, and begins to dominate its dynamical behaviour. The numerical setup required for this pro-

cess to be tested against observations is introduced in Section 3.2.2, and the concept is introduced

here through the derivation of the time variability of a strong magnetic field in a moving plasma.

The ram pressure and the magnetic field pressure are also derived. These derivations are based on

Section3.7 of Frank et al. (2002).

3.1.1 Plasma flow in a strong magnetic field

Currents in a moving plasma will modify a magnetic field, and the field itself will act upon charges

in the plasma to produce currents, so the interaction between the two can be very complicated.

However, the following derivation highlights the fact thatif the electrical conductivity of the

plasma is sufficiently high (a condition usually realised inpractice), then the plasma and magnetic

field will move together, as the field becomesfrozen in to the ionised gas.

The behaviour of a magnetic field,B, is described by Maxwell’s laws. Ampere’s law with

Maxwell’s correction is

∇∧ B = µ0J + µ0ǫ0
∂E

∂t
, (3.1)

whereJ is the current density. The term∂E
∂t

is the displacement current, which accounts for mag-

netic fields induced by a time-varying electric field. In astrophysics, this can usually be neglected,

leaving

∇∧ B = µ0J. (3.2)
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In the presence of an external B-field, with a conductor movingat a velocityv, the current density

is related to the electromagnetic field by a form of Ohm’s law appropriate to moving media,

namely

J = σ(E + v ∧ B), (3.3)

wherev ∧ B accounts for the current induced by the Lorentz force (F = qv ∧ B) on charge (q)

carriers, andσ is the electrical conductivity. Substituting equation 3.3into equation 3.2 and taking

the curl of both sides then gives

∇∧ (∇∧ B) = µ0σ
(

∇∧ E + ∇∧ (v ∧ B)
)

, (3.4)

and the electric field term can be eliminated by applying Faraday’s law (∇∧ E = −∂B
∂t

), leaving

∇∧ (∇∧ B) = µ0σ

(

−
∂B

∂t
+ ∇∧ (v ∧ B)

)

. (3.5)

A vector identity is applicable to the left hand side of equation 3.5, in the form

∇∧ (∇∧ A) = −∇2A −∇(∇.A). (3.6)

In the context of magnetic fields, this can be further simplified using another of Maxwell’s equa-

tions, which states that there can be no magnetic monopoles by equating the divergence of a

magnetic field to zero, or numerically

∇.B = 0. (3.7)

This identity can then be applied to equation 3.5 to get the time variability of the B-field,

∂B

∂t
=

1

µ0σ
∇2B + ∇∧ (v ∧ B). (3.8)

The rate of change of the magnetic field is therefore governedby two terms, where the first term

describes the diffusion of the field, and the second accountsfor the convection of the field by the
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Chapter 3. Magnetic propellers in EE GRBs 3.1. Introduction

fluid. It can be seen that the contribution from diffusion to any changes inB diminishes with

increasingσ, and so in a plasma with sufficiently high electrical conductivity, diffusion can be

neglected. This means that any change in the magnetic field isdirectly linked to the fluid flow.

When the field lines and plasma flow are locked together like this, the motion of both is dictated

by whichever exerts the greatest pressure.

3.1.2 Magnetic pressure

Each charge in the plasma is subject to the Lorentz force, so the magnetic force density is

fmag = J ∧ B. (3.9)

By re-arranging equation 3.2, and substituting to eliminateJ , this becomes

fmag =
1

µ0

(∇∧ B) ∧ B. (3.10)

Two further vector identities are employed here:

A ∧ (∇∧ A) =
1

2
∇(A.A) − (A.∇)A (3.11)

and

A ∧ B = −B ∧ A, (3.12)

which combine to give

(∇∧ A) ∧ A = −
1

2
∇(A.A) + (A.∇)A. (3.13)

Applying the identity in equation 3.13 to equation 3.10 thengives

fmag =
1

µ0

(

−∇
B2

2
+ (B.∇)B

)

. (3.14)
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By comparing equation 3.14 to the Euler equation,

ρ
∂v

∂t
+ ρv.∇v = −∇P + f, (3.15)

it is apparent that the term−∇B2

2
behaves like hydrostatic pressure (the−∇P term in the Euler

equation), and so by analogy the magnetic pressure is therefore

Pmag =
B2

2µ0

. (3.16)

The last term in equation 3.14 is not as important here, but describes a magnetic tension along the

field lines.

The dipole field at a given radius (r) from the centre of the NS isB = µ
r3 , whereµ = B∗R

3
∗ is the

magnetic moment of a NS with surface field strengthB∗ and radiusR∗. The pressure experienced

from the NS’s dipole field atr can therefore be expressed as

Pmag =
µ2

2µ0r6
. (3.17)

3.1.3 Ram pressure

The continuity equation states
∂ρ

∂t
+ ∇.(ρv) = 0, (3.18)

i.e. variations in density with time (∂ρ
∂t

) are balanced by diffusion in the fluid (∇.(ρv)). For a

steady state flow where∂ρ
∂t

= 0, ∇.(ρv) must equal0 as well. In spherical polar coordinates from

the centre of a star, fluid variables are independent ofθ andφ by spherical symmetry; the gas

velocity only has a radial component. Taking this as negative to consider the infall of material, the
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continuity equation reduces to
1

r2

d

dr
(r2ρv) = 0, (3.19)

which integrates tor2ρv = constant. Sinceρ(−v) is the inward flux of material, this constant

must be related to the accretion rateṀ :

4πr2ρ(−v) = Ṁ. (3.20)

Assuming a free-fall velocity of material,

vff =

(

2GM

r

)1/2

, (3.21)

and re-arranging equation 3.20, the ram pressure is

Pram = ρv2 =
Ṁ

4πr2

(

2GM

r

)1/2

. (3.22)

3.2 Emission mechanics

3.2.1 Prompt emission

Within the framework of the compact object binary merger, prompt emission is often said to be the

accretion of a disc or torus onto the newly formed proto-magnetar (Narayan et al., 2001; Metzger

et al., 2008, 2010; Bucciantini et al., 2012). This is assumedin this work, with the focus more on

the mechanics behind the EE tail and the late-time plateau. As the compact objects spiral inwards,

simulations suggest that some material (possibly up to10−1 M⊙; Lee et al., 2009) is ejected by

tidal disruption into a tidal tail through the outer Lagrange point. Lee et al. (2009) find that this

material returns at∼ 1 − 10 s, and creates a new ring at a radius of around300 – 500 km, with
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a massMfb ≈ 10−2 M⊙. Similar behaviour was found by Rosswog (2007), who showed that the

range of fallback behaviours is much more varied in an unequal mass binary. For the formation of

a magnetar, this would mean a NS – WD system, or a NS binary involving a more massive NS (see

e.g. Demorest et al., 2010). The result is that after the torus is accreted and prompt emission has

been produced, a rapidly-rotating magnetar is left, surrounded by a∼ 10−6 – 10−1 M⊙ accretion

disc with a radial extent of a few hundred km.

3.2.2 Extended emission

The model used for EE in this chapter is the magnetic propeller model of Piro & Ott (2011) and

is summarised in Fig. 3.1. The magnetic pressure for a given radius (see Section 3.1.2) is

Pmag =
µ2

2µ0r6
. (3.23)

Material falling in from the accretion disc also exerts its own force, opposing that ofPmag. This

is the ram pressure (see Section 3.1.3), given by

Pram =
Ṁ

8π

(

2GM∗

r5

)1/2

, (3.24)

whereM∗ is the mass of the magnetar. Equating these two pressures gives the radius at which in-

falling material comes under strong influence from the dipole field, known as the Alfv́en radius,

rm.

rm = µ4/7(GM∗)
−1/7Ṁ−2/7. (3.25)

This is one of the two key radii that determine the behaviour of the magnetar, the other being the

co-rotation radius,rc, the radius at which material orbits at the same rate as the stellar surface.

rc = (GM∗/Ω
2)1/3 (3.26)
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whereΩ = 2π
P

is the angular frequency of the magnetar andP is the spin period. Ifrc > rm,

the accretion disc is rotating more rapidly than the magnetic field at the point the field becomes

dynamically important, so the effect of the interaction is to slow the material and allow it to accrete

(Fig. 3.1a and 3.1b). The accreting material also spins up the magnetar, and therefore the field.

If rc < rm however, the magnetic field is spinning faster than the material, and the interaction

causes particles to be accelerated to super-Keplerian velocities and ejected from the system. The

magnetar loses angular momentum to the expelled material via the magnetic field and is slowed.

This condition, withrc < rm, is the propeller regime (Fig. 3.1c and 3.1d). Since material cannot

be accelerated to the speed of light (or above),rm must be capped at some realistic fraction,k, of

the light cylinder radius,rlc. This radius marks the point at which the magnetic field linesmust

orbit at the speed of light to maintain their rigid rotation with the stellar surface, and is defined as

rlc = c/Ω. (3.27)

The value ofk naturally sets the maximum particle ejection velocity asv = kc.

These two regimes, propeller and accretion, both affect thespin period of the central magnetar. If

rm > R, the accretion torque,Nacc, is given by

Nacc = n(ω)(GM∗rm)1/2Ṁ. (3.28)

n(ω) is the dimensionless torque, where the ‘fastness parameter,’ ω = Ω/(GM∗/r
3
m)1/2 = (rm/rc)

3/2

andn = 1 − ω. If rm < R, the torque becomes

Nacc = (1 − Ω/ΩK)(GM∗R)1/2Ṁ, (3.29)

whereΩK = (GM∗/R
3)1/2. The accretion torque will spin up the magnetar whenrm < rc, but

goes negative in cases whererm > rc to account for the angular momentum lost with propellered
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a) During the early stages of accretion, the Alfvén radius may be sup-
pressed by a highṀ so thatrc > rm and the magnetar is spun up by
accretion. The increased spin period will causerc to shrink. However,
if initial accretion is not sufficiently high, the system will begin propel-
lering right away.

b) As accretion falls off (see Equation 3.35), the Alfvén radius expands.

c) Oncerm > rc the system enters the propeller regime. Material al-
ready withinrc accretes on to the surface of the magnetar, whilst mate-
rial falling in from greater radii is propellered away atrm. If the pro-
peller is not strong enough for material to escape the potential well, no
emission is seen and material returns to the disc.

d) rm continues to expand as the accretion rate drops, but the lossof
angular momentum to the expelled material means the magnetar begins
to spin more slowly, causing the expansion ofrc. If rc outgrowsrm, the
system will begin to accrete again.

e) When the accretion disc is depleted,rm becomes essentially infinite
and plays no further part. The new value ofrc is set by the spin period
of the magnetar, and slowly increases as spin is lost to dipole emission.

Figure 3.1: A toy model describing the interaction of the Alfvén radius (rm) and the co-rotation radius (rc)
during the propellering and accretion regimes. The black circle is the central magnetar. The grey region
represents the accretion disc. The red dashed line indicates the Alfvén radius, whilst the green solid line
denotes the co-rotation radius. Not all stages may be present in an individual burst. Some may occur twice.
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material. The other contribution to the torque comes from dipole spin-down,Ndip, and is given by

Ndip = −
2

3

µ2Ω3

c3

(

rlc

rm

)3

. (3.30)

Equation 3.30 takes into account the enhanced dipole spin-down that results from the additional

open field lines created by an accretion disc truncating the magnetosphere at a radius less than

rlc, and is taken from Equation 2 of Bucciantini et al. (2006), whogive a good discussion of this

point. From these two contributions, the change in spin can be calculated by

Ω̇ =
Ndip + Nacc

I
, (3.31)

whereI = 0.35M∗R
2 is the moment of inertia. As the spin changes, the rotation parameter,

β ≡ T/|W | must be tracked, whereT = 1
2
IΩ2 is the rotational energy and|W | is the binding

energy. The prescription from Lattimer & Prakash (2001) is used for for|W |,

|W | ≈ 0.6M∗c
2 GM∗/Rc2

1 − 0.5(GM∗/Rc2)
. (3.32)

R is kept constant, even ifM∗ is increased by accretion, since this is consistent with most equations

of state (Lattimer & Prakash, 2001). Ifβ > 0.27, dynamical bar-mode instability will radiate or

hydrodynamically readjust angular momentum, soNacc = 0 whenβ > 0.27. Collecting all these

terms together, the kinetic luminosity of the propeller material is

Lprop = −NaccΩ − GM∗Ṁ/rm. (3.33)

The first term is the emission luminosity, and is negative becauseNacc has been defined as negative

when the magnetar is spinning down. The second term represents the energy required to escape

from the gravitational potential well. This equation implicitly assumes material outflow originates

from the inner edge of the disc. It therefore represents a lower limit for kinetic luminosity, as

material escaping from further out will lose less energy in doing so.
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A thick disc is assumed, with scale height,H, equal to the outer disc radiusRd. Fallback material

returns to the disc at the ballistic fallback rate oft−5/3, but must shed its angular momentum before

accreting onto the central NS. In systems such as these, the accretion rate is commonly modelled

as a viscous disc with at−4/3 profile (see e.g. Cannizzo et al., 2011); however, in the presence of

strong outflows (Ferńandez & Metzger, 2013), the accretion rate will proceed as anexponential.

All three accretion profiles are modelled in an effort to gauge the sensitivity of the results to them.

The initial accretion rate is given the form (cf. King & Ritter, 1998))

Ṁ0 = Md3ν/R2
d, (3.34)

whereMd is the initial disc mass andν is the viscosity. Accretion then proceeds either as one of

the two power laws mentioned above, or as an exponential decay of the form

Ṁ = Ṁ0e
−3νt/R2

d . (3.35)

3.2.3 Dipole spin-down

To explain the late-time plateau (∼ 103 – 104 s), the contribution to the light curve from dipole

spin-down is invoked, based on the model in Zhang & Mésźaros (2001). This has been done pre-

viously on LGRBs (Lyons et al., 2010; Dall’Osso et al., 2011; Bernardini et al., 2012), SGRBs

(Fan & Xu, 2006; Rowlinson et al., 2013) and EE GRBs by Gompertz etal. (2013). These works

assumed a constant rate of spin-down, and therefore a constant level of dipole luminosity; how-

ever, during EE the spin period may be highly variable, making this a simplified approximation.

Since the evolution of the spin period in the magnetic propeller model is recorded, the time-

varying equations (Zhang & Ḿesźaros, 2001) for dipole emission can be used. The luminosity
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B (1015G) 1 5 10 50 -
P (ms) 1 5 10 - -
Md (M⊙) 10−5 10−4 10−3 10−2 10−1

Rd (km) 100 500 1000 - -
α 0.1 0.2 0.3 0.4 0.5
cs (107cm s−1) 1 2 3 - -
M∗ (M⊙) 1.4 2.0 2.5 - -

Table 3.1: Values used to test the morphological effects of parameter variation. The total number of com-
binations resulted in 8100 synthetic light curves.B - Magnetic field;P - Spin period;Md - Disc mass;Rd

- Disc radius;α - Viscosity in the disc;cs - Sound speed in the disc;M∗ - Mass of the central magnetar.

contribution from dipole spin-down is

Ldip = µ2Ω4/6c3. (3.36)

This emission component can be highly variable during propellering, but will settle to a constant

level once the accretion disc has been consumed. As the propeller luminosity fades,Ldip will

begin to show up in the light curve, causing the flattening seen in the late-time plateau.

3.3 Testing parameter space

To fully understand the morphological effects of the various parameters in the propeller model,

the values given in Table 3.1 were assembled in every possible combination of spin period,P ,

magnetic field,B, disc massMd, disc radius,Rd, disc viscosity,α, sound speed in the disccs and

NS mass,M∗. The result was a sample of 8100 synthetic light curves. A constantB is assumed

throughout the duration of each, and the efficiency of both the propeller and dipole emission was

set at 100% since it serves only to normalise the luminosity in these cases.k was set to0.9.

Initially, 540 light curves (all combinations ofP , B, Md, Rd andM∗ with a constantα = 0.1

and cs = 107 cm s−1) were examined in order to determine a classification systembased on
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Figure 3.2a: Top to bottom: Type I - ‘Humped’; Type II - ‘Classic’. Each row shows plots for one example
of one class. Intended to highlight phenomenology only; they are not fullyrepresentative of the full range
of morphology or energetics of their respective classes. These light curves do not contain the prompt
spike. Left: synthetic light curves representing the four identified phenomenological classes. Dotted line -
propeller luminosity. Dashed line - dipole luminosity. Right: dotted (dashed) line shows the position of the
co-rotation (Alfv́en) radius in km against time. Solid line shows the position of the light cylinder radius.
Lower dot-dash line is the magnetar radius, upper dot-dash line is the outer disc radius.

phenomenology. After inspection, four clear types were identified. Example light curves of each

type can be seen in Fig. 3.2. Note that these light curves do not contain the prompt emission spike.

3.3.1 Type I - ‘Humped’

A ‘Humped’ burst is born without propellering, initially powered by dipole emission alone (al-

though this would be hidden beneath the prompt emission). Asthey progress, conditions for the
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Figure 3.2b: continued. Top to bottom: Type III - ‘Sloped’; Type IV - ‘Stuttering’.

initiation of propellering are met, and the light curve is given a ‘hump’ by the rapid rise to promi-

nence of the propeller luminosity. Propellering can be delayed like this for one of two reasons:

a)Ṁ is high and/orP is low so thatrc > rm and the system is in the accretion regime.

b) Ṁ is high and/orP is low enough that material cannot escape the potential welland Equa-

tion 3.33 is negative, despiterm > rc.

These two possibilities can be distinguished by their lightcurves; bursts with strong initial ac-

cretion display a rising dipole luminosity at early times asthe magnetar is spun up, whereas bursts

with propellers too weak to enable matter to escape the potential well have flat dipole luminosity
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profiles at early times (e.g. Fig. 3.2). 152 of the 540 synthetic bursts (28%) are type I.

3.3.2 Type II - ‘Classic’

The ‘Classic’ type can be formed by some combination of almostall parameters. They exhibit

a relatively flat and well-defined propeller plateau, transitioning into a relatively flat and well-

defined dipole plateau. In the extremes of parameter space (e.g. very highB and lowP ), the

other types are usually more prevalent, but a type II can still be formed given the right conditions.

The division between this class and the type I or III bursts israther loose, highlighting the smooth

transition of parameters into ‘extreme’ regimes. This class could also be further sub-divided into

those experiencing rapid spin-down (shown by descendingLdip at early times) and those which

are comparatively stable (flatLdip at early times, see Fig. 3.2). The divide between these is a

combination of initial spinP and the properties of the accretion disc; fast spinners spindown

more rapidly, particularly whenṀ is high, as this boosts the accretion torque. 202 of the 540

synthetic bursts (37%) are type II.

3.3.3 Type III - ‘Sloped’

‘Sloped’ bursts are the result of the dipole component contributing strongly or even dominating

the light curve during the propeller regime. In these cases,the two emission components appear

to act as one, resulting in a poorly defined dipole plateau anda single component look to the light

curve. This comes about whenB is high and/or spin is rapid, which are the conditions required for

strong dipole emission. These types actually have the most powerful potential propellers, which

is shown when the disc is small or loosely bound; In these conditions, Lprop can rise above the

already highly luminousLdip, creating the brightest type II (Classic) bursts seen. A sloped burst

may not be recognised as extended when observed, and would instead be classified as either a
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LGRB or SGRB. If accretion discs with increasingly low masses are considered, this could be the

dividing point between EE GRBs and SGRBs. 63 of the 540 synthetic bursts (12%) are type III.

3.3.4 Type IV - ‘Stuttering’

Light curves in the final burst category begin with propellering like a type II, but this rapidly

vanishes after a few tens of seconds. After a short dipole-only phase, again lasting a few tens of

seconds, the propeller is reborn, creating a hump much like atype I. The main factors governing

this behaviour areB andMd. A high disc mass means thaṫM is initially high. Propellering can

still occur, due to the high magnetic field, but spin is lost rapidly through the accretion torque until

it is too slow to power effective propellering. At this point, Lprop shuts off and the light curve

proceeds onLdip alone. In the absence of propellering, the rate of spin-downis greatly reduced,

so that as the accretion rate begins to drop, the propeller makes a revival in much the same way

as the type I bursts do. If the prompt emission is particularly strong or lasts a long time, a type IV

may be observationally indistinguishable from a type I. Of the 540 synthetic bursts, 68 are type

IV (13%).

In addition to the four classes, a total of 22 bursts (4%) did not produce detectable propeller

emission (i.e. the emission was less luminous than that of the dipole), and a further 33 (6%) were

unclassified due to incoherent and unrealistic light curves. These were exclusively bursts with

the maximum (5 × 1016 G) magnetic field, indicating that magnetic fields much greater than this

probably do not create EE GRBs; even at thisB, particular conditions are required to produce a

light curve in the correct energy region.

The parametersα andcs were then re-introduced as variables. As expected, no new phenomeno-

logical classes were identified, and no existing classes dropped out. The overall effect was a

greater range of morphologies within each class, specifically a general shortening/contraction of
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propeller regimes with increasedα and/orcs, and a slight elevation of peak luminosity.

It is clear from the results in Fig. 3.2 that the propeller model is capable of producing a variety

of phenomena similar to those seen in GRB light curves, and given that we have restricted the

behaviour of the fallback disc by requiring that it is fully formed and accreting att = 0, it seems

likely the range is even greater. Piro & Ott (2011) have investigated the role propellering might

play in the supernovae that power LGRBs, and Bernardini et al. (2013) suggest it as a source of the

precursor emission seen in some of the BAT6 sample. In addition, the smooth nature of propeller

emission means it could conceivably reproduce the giant flares seen in some bursts (e.g. Burrows

et al., 2005). It may also be capable of uniting SGRBs with EE GRBs,as discussed in Section 3.5.

3.4 Fitting to observation

The data sample to be used in fitting was taken from Gompertz etal. (2013). Only bursts for

which a value forB andP were found are included, and a constantB for the duration of each

light curve is assumed. Table 3.2 lists the sample of nine EE GRBs used. The model was written

in IDL and made use ofMPFIT (Markwardt, 2009). Initial guesses forB andP during fitting were

taken from Gompertz et al. (2013)1. These parameters were left fixed, leaving a two parameter

fit comprised ofMd andRd. If no suitable fit was obtained thenP was set as a free parameter.

If a fit was still not forthcoming,B was unfrozen and allowed to vary as well. For all fits, The

central magnetar was1.4 M⊙ with a radius of10 km. α was held at0.1 andcs as107 cm s−1. The

conversion efficiency of kinetic energy to EM radiation in propellered material was set to 40%,

and the dipole efficiency to 5%.k, the maximum fraction ofrlc allowed forrm, was0.9. Some

flares were excluded from the fits. One at around a thousand seconds in GRB 070714B, and more

noticably the late-time giant flare in GRB 050724.

1Corrected values forB andP were used; an error was discovered in the k-correction calculations that means the
results in that paper work out too high by a factor of (1+z) in Luminosity.

69



Chapter 3. Magnetic propellers in EE GRBs 3.4. Fitting to observation

GRB Γ z Ref.
050724 1.77 0.25761 Covino et al. (2005)
051227 1.46 2.82a Barbier et al. (2005)
060614 1.79 0.12543 Parsons et al. (2006)
061006 2.03 0.43774 Schady et al. (2006)
061210 2.20 0.40955 Cannizzo et al. (2006)
070714B 1.15 0.92246 Racusin et al. (2007)
071227 1.54 0.3817 Sakamoto et al. (2007)
080123 1.99 (0.39) Ukwatta et al. (2008)
111121A 1.50 (0.39) D’Elia et al. (2011)

Table 3.2: Selected sample of EE GRBs. Bracketed values for redshift,z, indicate no published value
was available. In these cases the mean value of the EE sample wherez is known was used.aupper limit.
1Prochaska et al. (2005);2D’Avanzo et al. (2009);3Price et al. (2006);4Berger (2007);5Cenko et al.
(2006);6Graham et al. (2009);7D’Avanzo et al. (2007)

The results of the fitting process can be seen in Table 3.3 and Fig. 3.3. The light curves in Fig. 3.3

are a smoothed version of the original fit; once a fit was found,a plot was created using the

resulting parameters running from1 to 105 s to show the global trend. In this way, the predicted

behaviour from the fit can be observed during gaps in the lightcurve data. All light curves and

associated results represent the global minimumχ2 value.

Fig. 3.4 shows the effect that varying the efficiency of the propeller has on the result forP , the

parameter most directly responsible for the luminosity output. It shows that for most bursts,

efficiencies less than 10% require a spin period more rapid than that of the break-up frequency for

the magnetar. This can be compensated for somewhat by varying B, Md andRd and exploring

other regions for parameter space, but the general message is clear: the conversion of kinetic

energy to EM waves must be fairly efficient for magnetic propellering to be succesful. Efficiencies

of less than∼ 10% will not produce the required luminosity.
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Figure 3.3a: Each row shows details for one burst. Left: black line - modelfit, describing the summed
contribution from the propeller (dotted line) and dipole (dashed line); red points - data that have been fitted
to; blue points - data not fitted to. Right: dotted (dashed) line shows the positionof the co-rotation (Alfv́en)
radius in km against time. Solid line marks the light cylinder radius. Lower dot-dashed line is the magnetar
radius, upper dot-dashed line is the outer disc radius.
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Figure 3.3b: Combined dipole and propeller fits to 061006, 061210 and 070714B.
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Figure 3.3c: Combined dipole and propeller fits to 071227, 080123 and 111121A.
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GRB P B Md Rd

(ms) (1015 G) (M⊙) (km)
050724 0.93±0.04 0.88±0.04 (2.63±0.13) ×10−2 1217±4
051227 0.69 [L] 0.45±0.19 (1.10±0.18) ×10−2 695±41
060614 0.69 [L] 1.17±0.05 (1.20±0.01) ×10−2 1300±4
061006 1.51±0.21 1.48±0.07 (2.01±0.37) ×10−2 400±2
061210 0.69 [L] 0.18±0.05 (3.20±2.88) ×10−3 674±753
070714B 0.69 [L] 0.31±0.05 (6.91±0.28) ×10−3 1378±72
071227 1.54±0.12 0.57±0.08 (7.63±1.02) ×10−3 1131±17
080123 3.75±0.46 1.92±0.16 (5.82±1.10) ×10−3 742±6
111121A 0.69 [L] 0.31±0.03 (4.80±0.10) ×10−3 1538±43

Table 3.3: Results from fitting the propeller model to nine EE GRBs, showing thebest fit values for the
spin period (P ), dipole field strength (B), accretion disc mass (Md), and the outer disc radius (Rd). Values
with an [L] came up against the parameter limit for the minimum allowed spin period, and therefore do not
have associated errors. Errors are1σ.

3.5 Discussion

The derived accretion disc masses and radii are all broadly consistent with theoretical predictions

(Lee et al., 2009), lying in the range of a few10−3 M⊙ to a few10−2 M⊙ and∼ 400 – 1500 km

respectively. For only one burst, GRB 071227, is the initial spin period consistent with that in

Gompertz et al. (2013). This is not surprising; the two studies were done with different efficiencies

for the dipole (5% in this chapter vs 100% in Gompertz et al. 2013), and the rate of spin-down

was enhanced by the inclusion of an accretion disc (Equation3.30) which was not present in the

previous work.

Most bursts in the sample show evidence of a smooth connection from the prompt to EE phase;

however, GRB 060614 and GRB 061006 appear to struggle to capture the rising profile of propel-

lering at early times. This could be explained by the simplicity in the model used; the accretion

disc was assumed to be present att = 0 s, meaning accretion began immediately and at its peak

strength. In reality, material would still be falling back at this time, so that accretion would ini-

tially be much gentler, but would grow in strength as the discwas fed. Lee et al. (2009) predict

the material would return on a time-scale of∼ 10 s, which would help explain these features.
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The model has some trouble fitting the extended tail and dipole plateau in GRB 060614 simultane-

ously. The problem is caused by the longer than normal plateau, which turns over at around105 s

rather than the103 – 104 s seen in the other bursts. Sustaining the plateau for this long requires a

low value forB (∼ 1014 G) or a long spin period (∼ 10 ms), but the very luminous extended tail

in this burst demands exactly the opposite. Fitting tends tofavour the demands of the EE, since

this is where more of the data points are found. The problem can be partially solved by varying

the efficiency between the two components, since this has theeffect of increasing or decreasing

the power law slope that connects them, but for reasonable values of efficiency, a discrepancy

still remains. One potential solution to this dilemma is thepossibility that the magnetic field is

not constant in this burst (or, probably more accurately, more varying than the other bursts). An

order of magnitude decay in the magnetic field can extend the duration of the dipole plateau by

more than an order of magnitude temporally, more than enoughfor the requirements of 060614,

although how, and if any emission would be observable is unclear. The model can also be seen to

be struggling under the luminosity demands of GRB 051227, butthis is almost certainly due to it

having been placed at its redshift upper limit ofz = 2.8. Indeed, when a higher efficiency is used

(analogous to a lowerz), this burst is well described by the model.

According to Metzger et al. (2011) and Bucciantini et al. (2012), bursts with dipole fields& 1015 G

will produce winds that are sufficiently clean to become optically thin at the jet energy dissipation

radius on time-scales suitable for EE. The results forB find good agreement with this threshold,

especially since the value for dipole efficiency is somewhattentative at 5%, and could easily be

increased, resulting in a further increase inB.

As can be seen in Fig. 3.3, most (if not all) burst light curvesare type II. This is certainly the most

likely of the four types identified in Section 3.3, as the template light curves returned a ‘classic’

type 37% of the time, but these synthetic curves suggest we should have roughly three type I,

four type II and one each from types III and IV from the sample of nine (although these are small

number statistics). From the best fit curves, GRB 061210 and GRB071227 could be considered
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candidates for the type I population, which just leaves an absence of ‘sloped’ and ‘stuttering’

bursts. The reason for this could well be that these classes are not readily identified as EE. As

previously mentioned in Section 3.3.3, a type III ‘sloped’ burst could easily be identified as a

LGRB or SGRB due to the single component look given to the light curve when propellering

and dipole emission produce similar luminosities. Similarly, the type IV ‘stuttering’ bursts could

be mistaken for a SGRB with a flare, or a LGRB withT90 ≈ 10 s. These rarer classes could

then simply be absent from the accepted EE population, whilst the type I and II bursts, which are

indistinguishable when given the right prompt emission or data availability, constitute the entire

EE category. This could have a knock-on effect inMd; the derived values forMd are typically

quite low (a few10−3 M⊙), but the missing classes are those that typically exhibit the most massive

discs, skewing the mean values towards the lower end. However, the predicted paucity of type III

and IV propellers means that this effect may not be particularly large.

Whilst the results using the exponential accretion rate enjoy a reasonable degree of success, the

two power law accretion rates appear rather less suited to the task. In all cases, the obtained

best fits were of lesser quality than those found with an exponential decay, and the fits were

frequently unable to model both emission components simultaneously, instead settling for the EE

alone. In both power law cases, fitting the steep decays afterthe cessation of EE meant that

the dipole emission was also forced to drop off rapidly, plummeting to a level far below that of

the plateau in the data. There was no significant difference between thet−4/3 andt−5/3 profiles.

From this, it seems that an exponential accretion rate may berequired for magnetic propellering

to be a viable mechanism in EE GRBs. Another key requirement fora successful propeller is that

the conversion efficiency of kinetic energy to EM radiation for propellered material needs to be

fairly high (& 10%). It is believed that the efficiency of the highly relativistic prompt emission

can be& 50% (Nousek et al., 2006), so an efficiency in the region of 10 – 40% is not entirely

unreasonable for the slightly softer EE, but it is uncertainwhether this level of efficiency could be

maintained over the entire extended tail.
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Fig. 3.5 shows where the results place these EE bursts relative to other GRBs, both short and

long. Whilst they appear to populate their own region of low B-field and spin period, caution

is required when drawing conclusions from this plot. Firstly, these results where obtained using

efficiencies of 40% in the propeller and 5% in the dipole, whereas, for example, the short sample

from Rowlinson et al. (2013) were examined using 100% efficient emission. Secondly, and prob-

ably more importantly, the rate of dipole spin-down is enhanced by the presence of the accretion

disc in the current work, making a direct comparison with previous results difficult, since they

did not have this enhanced rate. If the enhanced rate is not used, then the values found forB and

P in EE bursts lie in the same region of parameter space as thosefor the SGRB sample. Even

if their spin periods and dipole fields are not unique, the degree to which magnetic propellering

influences the light curves offers a natural explanation forthe difference between the two classes,

since any propeller luminosity is predicated on the presence of an accretion disc; remove the disc

and you’re left with an ordinary SGRB. In fact, the disc does notneed to be completely absent.

If the disc mass is below around10−6 M⊙ it becomes difficult to produce a propeller luminosity

much above1049 erg s−1 as the accretion rate is too low. As a result, emission becomes dominated

by the dipole contribution and light curves take on forms increasingly resembling SGRBs (e.g.

Rowlinson et al., 2013).

Creating discs of different masses requires varying conditions in the progenitor system. Two po-

tential factors during binary merger are the mass ratio and the equation of state. Hotokezaka

et al. (2013) find the rest mass and kinetic energy of ejected material is greater with decreasing

mass ratio (more asymmetric binaries) when the equation of state allows for more compact NSs.

Rosswog (2007) also showed that binary systems with significantly unequal masses exhibit pro-

gressively more varied fallback behaviours with decreasing mass ratio. If material returns to the

newly formed magnetar at earlier times and in greater quantities as described in Lee et al. (2009),

then the conditions for propellering may be met. EE then, could be the product of an unequal mass

binary merger, whilst SGRBs are born of more equal mass binaries. The comparative rarity of EE

events may be attributed to the lesser abundance of more massive (& 1.4 M⊙) NSs (Valentim
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Figure 3.4: Spin break-up period (PK) over initial spin period (P0) versus propeller emission efficiency. A
value of 1 on the y-axis indicates the burst is born withP0 = PK , with decreasing fractions representing
increasingly higher initial spin periods. Dipole efficiency is 10% throughout. Red - 050724; Green -
051227; Blue - 060614; Yellow - 061006; Magenta - 061210; Orange -070714B; Cyan - 071227; Light
green - 080123; Violet - 111121A.

et al., 2011; Lattimer, 2012) and hence fewer unequal mass NSbinaries.

3.5.1 Radio emission

The radio afterglow is one of the main proving grounds for themagnetar model. The presence (or

lack) of radio emission on time-scales of a few months to years after a burst is detected will place

firm limits on the circum-burst medium (CBM), or, in cases wherethe local density is already

known, the magnetar model. Recently Metzger & Bower (2014) claim to have ruled out long-

lived millisecond magnetars as the central engine for two bursts: GRB 060505 and GRB 050724,

the latter of which features in this study. The authors foundthat a few1052 erg ejected atβ0 ∼ 1
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Figure 3.5: A plot of magnetic field strength versus spin period. The solid (dashed) red line represents the
spin break-up period for a collapsar (binary merger) progenitor (Lattimer & Prakash, 2004). Blue stars:
stable magnetars and green circles: unstable magnetars which collapse to form a BH (Rowlinson et al.,
2013). Black ‘+’ symbols are the LGRB candidates identified by Lyons et al. (2010); Dall’Osso et al.
(2011); Bernardini et al. (2012). The red squares are the magnetic fields and spin periods of the present
work. Filled symbols have observed redshifts, open symbols use the sampleaverage redshift, which is
z = 0.39 for EE bursts andz = 0.72 for the SGRBs from Rowlinson et al. (2013).

should have been detectable during their observation∼ 2.5 years after the burst forǫB = 0.1,

unless the CBM is0.05 cm−3 or less. Panaitescu (2006) have independently constrainedthe CBM

around GRB 050724 to be0.1 < n < 103 cm−3; however, Berger et al. (2005) find it to be

consistent with values as low asn ≈ 0.02 cm−3, with a best fit valuen ≈ 0.1 cm−3. The lack

of detection could be explained if the value ofn lies at the lower end of this range. For higher

densities (n & 0.05 cm−3) the lack of observation could be explained by a lower value of ǫB. GRB

050724 is not typical even amongst the oddball sample of EE bursts, since it has the longest and

one of the most luminous EE tails observed. In addition, it isunique in the class in having an as
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yet unexplained giant flare seen in the X-ray light curve at∼ a few104 s after trigger.

For EE, ejecting the majority of a10−3 M⊙ fallback disc at initial velocities of up to0.9c could

produce a distinct feature in the radio signature of the GRB. The details of this signature are saved

for future study, but constraints on the model placed by previous radio band observations of EE

bursts are discussed. Of the nine EE GRBs in this sample, only GRB050724 has a detection in

radio emission, with three more (051227, 061210 and 070714B)having upper limits (Chandra &

Frail, 2012). All observation were taken using the VLA. Using the equations in Nakar & Piran

(2011) (and supplementary information), the peak synchrotron frequency in the radio band is

found to be more than an order of magnitude redder than the8.46 GHz observing frequency of

the VLA. The peak flux in the detector bandpass is also found tobe at least an order of magnitude

lower than the afterglow detection in GRB 050724 (Berger et al., 2005), which was made during

the late-time giant X-ray flare seen in the light curve at around 104 – 105 s. The detected radio

emission was fairly typical of SGRB radio afterglows, and therefore may well have been the radio

signature of the prompt emission, rather than that of the EE tail. The peak flux in the detector

bandpass was also at least an order of magnitude lower than the upper limits for GRB 051227

(Frail, 2005a), GRB 061210 (Chandra & Frail, 2006) and GRB 070714B (Chandra & Frail, 2007).

Radio observations of GRB afterglows may therefore not currently be constraining for EE if the

underlying mechanism is a magnetic propeller, but are now ata level where they are becoming

highly constraining to a millisecond pulsar (magnetar) central engine, and will become more so

with the upgraded VLA (Perley et al., 2011).

A major caveat to an EE-driven radio signature is the relative Lorentz factors involved in the

prompt emission and EE tail. A maximum ejection velocity of0.9c corresponds to a Lorentz factor

of just2.29, whereas the prompt emission is believed to have an initial Lorentz factor in the region

of 100 – 1000 (Lithwick & Sari, 2001; Zou & Piran, 2010; Zou et al., 2011; Ghirlanda et al., 2012;

Lü et al., 2012). There is therefore significant doubt that theEE ejecta can catch up to the forward

shock driven by the prompt ejecta. For an adiabatic expansion, the bulk Lorentz factor of the blast
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wave evolves asΓ ∝ t−3/8 (t−1/4) in a homogeneous (wind) medium, orΓ ∝ t−3/7 (t−1/3) in the

radiative case (van der Horst, 2007), where a homogenous medium is one with a density profile

that scales asr0, and a wind medium asr2. The time taken for the prompt-driven blast wave to

decelerate to0.9c is at least0.08 d, whereΓ0 = 100 with radiative expansion into a homogeneous

medium, and could be up to1156 y if Γ = 1000 and the expansion proceeds adiabatically into a

wind medium. In both cases, the effects of energy injection have been neglected, meaning that

the deceleration is even less rapid within the framework of the magnetar model. Meanwhile,

the propeller driven shell has itself decelerated, and although will likely encounter a more rarified

CBM and therefore decelerate more slowly, the aforementionedthresholds only represent the time

at which it will stop losing ground on the forward shock, evenneglecting its own deceleration.

For the purpose of the present chapter, the inability of the propeller ejecta to catch up to the

forward shock is not important, since the suggested X-ray emission site is internal, and likely

to do with collisions between discrete shells of propeller-driven ejecta. The evidence for this

comes from the temporal decay indices at the end of the EE plateaux, which can be as steep

as t−8 (Gompertz et al., 2013), completely inconsistent with forward shock emission (e.g. Sari

et al., 1998; Wijers & Galama, 1999). Nonetheless, it provides a strong argument against an EE

contribution to the GRB afterglow.

3.6 Conclusions

Using magnetic propellering and dipole spin-down, the firstsimultaneous fits to both the extended

tail and the afterglow plateau were obtained for a sample of nine EE GRBs. The results show

typical disc masses of a few10−3 M⊙ to a few10−2 M⊙, spin periods of a few ms, and magnetic

fields of around1015 G. The ability to reconcile two emission features within a single central

engine suggests there may be some weight to the idea that a highly magnetised NS is responsible

for these phenomena. Whilst it is possible that the values formagnetic field and spin period
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are different in EE GRBs and SGRBs, it is hard to argue conclusively that this is the case. It

may be that the difference could also be due to subtleties in the progenitor, specifically the mass

ratio, where unequal mass binaries produce the fallback material required to power magnetic

propellering, whilst more equal mass binaries do not. Radio observations of EE GRBs are now at

a level close to where magnetar spin-down can be ruled out, but do not appear to be constraining

to the EE tail if the underlying mechanism is indeed a magnetic propeller. The major constraint

currently is the requirement that the conversion of kineticenergy to EM radiation in accelerated

material be at least& 10%.
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4
Broad-band modelling of short gamma-ray

bursts with energy injection from magnetar

spin-down and its implications for radio

detectability

This chapter presents the work originally published in Gompertz et al. (2015).
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Abstract

The magnetar model has been proposed to explain the apparentenergy injection in the X-ray

light curves of short gamma-ray bursts (SGRBs), but its implications across the full broadband

spectrum are not well explored. Here, the broadband modelling of four SGRBs with evidence

for energy injection in their X-ray light curves is investigated by applying a physically motivated

model in which a newly formed magnetar injects energy into a forward shock as it loses angular

momentum along open field lines. By performing an order of magnitude search for the underlying

physical parameters in the blast wave, the characteristic break frequencies of the synchrotron spec-

trum are constrained against their manifestations in the available multi-wavelength observations

for each burst. The application of the magnetar energy injection profile restricts the successful

matches to a limited family of models that are self-consistent within the magnetic dipole spin-

down framework. Synthetic light curves are produced that describe how the radio signatures of

these SGRBs ought to have looked given the restrictions imposed by the available data, and the

detectability of these signatures with present-day and near-future radio telescopes is discussed.

The results show that both the Atacama Large Millimetre Array and the upgraded Very Large

Array are now sensitive enough to detect the radio signaturewithin two weeks of trigger in most

SGRBs, assuming the sample is representative of the population as a whole. It is also found that

the upcoming Square Kilometre Array will be sensitive to depths greater than those of the lower

limit predictions.
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4.1 Introduction

This chapter expands the discussion of the magnetar model tothe broadband view. The application

of the dipole and propeller models seen in the previous chapters focused on the X-ray emission of

EE GRBs. Typically in these analyses, the energy released by the dipole spin-down and magnetic

propeller mechanisms is assumed to be injected into the forward shock, where it is reprocessed and

re-emitted with a particular transition efficiency. This isa useful first-order assumption for probing

the compatability of the models with the observed X-ray emission, but reveals no information on

the spectral properties, and hence the broadband signature, of the sources. However, some work

on extending the spectrum to optical frequencies has been attempted (Rowlinson et al., 2013).

In this chapter, broadband modelling of SGRB and EE GRB light curves is attempted, with the

dipole spin-down (and magnetic propeller where applicable) profile used as the specific energy

injection term. In this way, the compatibility of the magnetar energy injection scenario with

observations from across the entire electromagnetic spectrum can be tested. With the spectrum

constrained, predictions can be made for how this signatureought to have looked at any frequency,

and this is also discussed in the context of present day and near-future radio telescopes.

Although some mention of synchrotron physics was made in theoriginal work (see Section 4.3.1),

the physics behind the forward shock merits a more detailed introduction, and this is given here in

a discussion based on Chapter 2 of van der Horst (2007). This introduction provides an opportu-

nity to specifically state the equations that went into the computational model used in the analysis,

which was not convenient in the published paper.
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4.1.1 The synchrotron spectrum

It is assumed that the blast wave accelerates electrons to a power-law distribution of Lorentz

factorsγe, with a power-law indexp and a minimum Lorentz factor ofγm, i.e. N(γe)dγe ∝

γ−p
e dγe, with γe ≥ γm. The spectral power an observer receives from a single electron can be

approximated by (cf. Kaplan & Tsytovich, 1973)

Px(x) = 3

(

3

2

)
1
3 q3

eBsΓ

mec2
x

1
3 e−x, (4.1)

whereqe (me) is the electron charge (mass) in statC (g),Bs is the magnetic field strength of the

shock,Γ is the Lorentz factor of the shocked medium (in the frame of the un-shocked medium),

and x = ν
νe

. ν is the observing frequency andνe = Γγ2
eqeBs/(2πmec) is the characteristic

synchrotron frequency. The total power emitted is then justthe integral of equation 4.1 over the

full distribution ofγe.

The electron distribution functionN(γe) is not actually a single power-law because the electrons

lose energy by emitting radiation. Those with the highest Lorentz factors emit the fastest, and

the electron distribution function therefore steepens at the cooling Lorentz factorγc, where the

synchrotron cooling timescale is equal to the lifetime of the source. Electrons withγe > γc

cool on timescales less than the lifetime of the source, and their distribution function becomes

N(γe)dγe ∝ γ−p−1
e dγe whenγc < γm < γe, or N(γe)dγe ∝ γ−2

e dγe whenγc < γe < γm. In the

case whereγm > γc, all the electrons have a Lorentz factor ofγe > γc, and so all cool rapidly; a

condition known as the fast cooling regime. In the case ofγm < γc, a fraction of electrons will

haveγe > γc, with the rest havingγe < γc. The cooling effect and the form of the distribution

function means that the latter fraction will be larger. Thisis the slow cooling regime.

By integratingN(γe) overγe and demanding that the distribution function be continuousat the

spectral breaks (i.e. atγc or γm for slow and fast cooling respectively), the distribution function
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can be expressed in four regions:

N(γe)dγe = ne(p − 1)

(

1 −
1

p

(

γc

γm

)−(p−1)
)−1

(

γe

γm

)−p

d

(

γe

γm

)

(4.2)

if γm < γe < γc,

N(γe)dγe = ne(p − 1)

(

1 −
1

p

(

γc

γm

)−(p−1)
)−1

(

γc

γm

)−(p−1)(
γe

γc

)−p−1

d

(

γe

γc

)

(4.3)

if γm < γc < γe,
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if γc < γm < γe. The first two cases are the slow cooling regime, and the latter two represent fast

cooling. ne is the total electron number density. The total power can then be calculated. For the

slow cooling case
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and for fast cooling
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Both of these expressions use the incomplete Gamma functionΓf (y, a), which takes the form

Γf (y, a) =

∫ ∞

a

xye−x

x
dx. (4.8)

This emission is also subject to synchrotron self-absorption, which comes into play in optically

thick media where the optical depthτν ≥ 1. The absorption coefficient, upon which the optical

depth depends, is given in the slow cooling case by
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and in the fast cooling case by
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The transition from optically thin to optically thick happens as the self-absorption frequency,νa.

The flux across the whole range ofτν can be written as

Fν =
R3Pν

3D2
L

(

αν

ανa

)−1[

1 − exp

(

−
αν

ανa

)]

, (4.11)

whereR is the radial extent of the blast wave,DL is the luminosity distance to the source (both in

cm) andανa
is the absorption coefficientαν at the self-absorption frequencyνa. This implies that

Fν ∝ ν2 in both slow and fast cooling regimes forν < νa < νm, and is proportional toν5/2 when

νm < ν < νa.

4.1.2 Spectral break evolution

The evolution of the light curves at various frequencies is aproduct of the movement of the spectral

breaks, which themselves are subject to the hydrodynamicalevolution of the fireball. The exact

reasons and derivation of this evolution’s dependence on the underlying physical parameters of the

system is complicated, and beyond the scope of this thesis. For more information, see Blandford

& McKee (1976); Sari et al. (1998); Wijers & Galama (1999); van der Horst (2007); Gao et al.

(2013b); van Eerten (2014).

The work in this chapter examines a relativistic shock moving adiabatically into a homogeneous

medium (cf. van der Horst, 2007). The maximum flux density of the spectrum is

Fν,max = 21.3ǫ
1
2
B,−1n

1
2
0 E52d

−2
L,28

(

1 + z

2

)

mJy, (4.12)

whereǫB,−1 is the fraction of the energy contained in the magnetic field,in units of10−1, n0 is the

number density of the CBM (cm−3), E52 is the energy in the blast wave in units of1052 erg, and

dL,28 is the luminosity distance in units of1028 cm.
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The position of the cooling break is given by

νc = 5.98 × 1013ǫ
− 3

2
B,−1n

−1
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− 1
2

52 t
− 1

2
d
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)− 1
2

Hz, (4.13)

wheretd is the time after GRB trigger in days. For the peak frequency,

νm = 3.21 × 1013(p − 2)2(p − 1)−2ǫ2
e,−1ǫ
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2
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Hz, (4.14)

whereǫe,−1 is the fraction of energy contained in the emitting electrons (rather than the population

of electrons as a whole) in units of10−1.

The self-absorption frequency depends on bothνc andνm, and evolves differently depending on

which is greatest, as well as whether it lies above or below the peak frequency. It evolves as

νa = 9.21 × 109(p − 2)−1(p − 1)
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for (νa < νm < νc) and

νa = 2
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(4.16)

for (νm < νa < νc), both in the slow cooling regime. Note the change in units (in part due to the

complication in simplifying terms with a variable exponent, p), so thatǫe andǫB are whole units,

andt is in seconds.αad andβad are adiabatic constants, the former relating the Lorentz factor (Γ)

to the radius (R), and the latter accounting for the angular dependence betweenR andt. Their

values are16
17

and4, respectively (van der Horst, 2007).X is the mass fraction of hydrogen in the

shock, and is set to0.7. mp is the proton mass (g).
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Relativistic Jet break Non-relativistic
Fν,max 0 −1 3/5
νc −1/2 0 −1/5
νm −3/2 −2 −3
νa (νa < νm < νc) 0 −1/5 6/5

νa (νm < νa < νc) − 3p+2
2(p+4)

−2(p+1)
p+4

−3p−2
p+4

νa (νa < νc < νm) −1/2 −6/5 −1/5

Table 4.1: Time dependences ofFν,max, νc, νm, andνa in the three phases of the blast wave’s hydrodynam-
ical evolution for adiabatic expansion into a homogeneous external medium.

For the fast cooling regime, (νa < νc < νm),

νa = 1.25 × 109ǫ
6
5
B,−1n

11
10
0 E

7
10
52 t

− 1
2

d

(

1 + z

2

)− 1
2

Hz. (4.17)

The time dependence of the breaks and peak flux also changes with the different hydrodynamical

states of the blast wave, which can be relativistic, post-jet break, and non-relativistic (see Sec-

tion 4.3.1). The dependences for a shock expanding adiabatically into a homogenous medium are

shown in Table 4.1.

4.2 Data Sample

The collected sample consists of four SGRBs with good X-ray observations exhibiting a clear

plateau, and for which there were contemporaneous optical observations in at least one filter,

as well as an identified redshift. Radio observations were notessential, but were a welcome

bonus. The sample represents those SGRBs with the best data availability to test the analysis and

introduce the model, but is not an exhaustive list of all SGRBs that satisfy the selection criteria.

The classification of GRB 060614 is uncertain (Gehrels et al.,2006), but was included as an EE

GRB here due to the lack of an associated supernova to deep limits (Della Valle et al., 2006;

Gal-Yam et al., 2006) as would be expected for an LGRB. Analysisby Zhang et al. (2007) also
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suggests that this burst is linked to the short class. The X-ray data used here were taken by theSwift

X-Ray Telescope (XRT; Burrows et al. 2005) and were downloadedfrom the UK Swift Science

Data Centre (UKSSDC) archives (Evans et al., 2007, 2009). The0.3 – 10 keV flux light curves

were used, corrected for absorption using a ratio of (counts-to-flux un-absorbed)/(counts-to-flux

observed). Details of the data reduction process can be found in Evans et al. (2007, 2009). The

0.3 – 10 keV flux light curves were then compressed into flux density light curves at1.73 keV (the

bandpass logarithmic mid-point) using the equations in Appendix 4.8.

References for the ultraviolet (UV), optical, infrared (IR),and radio data that were used are shown

in Table 4.2. Galactic extinction correction was done usingthe values in Schlafly & Finkbeiner

(2011), even in cases where the original data were correctedusing the Schlegel et al. (1998)

values. In most cases, the effect of intrinsic absorption was neglected due to a lack of high-quality

near-IR to optical data with which to constrain it. The single exception is GRB 130603B, which

was corrected withAv = 0.86 ± 0.15 mag and a Small Magellanic Cloud (SMC) extinction law

(de Ugarte Postigo et al., 2014). Conflicting values were alsoderived for the intrinsic absorption

in GRB 060614, with Della Valle et al. (2006) findingAv = 0.08 mag and Covino et al. (2013)

finding Av = 0.74+0.20
−0.17 mag orAv = 0.62 ± 0.06 mag, depending on whether an X-ray prior

was used. Both studies find an SMC extinction law. The discrepancy comes from the use of a

spectral break between the optical and X-ray frequencies, and highlights how the applied model

can influence the derived intrinsic absorption. Intrinsic absorption was neglected in this case in

an attempt to make the results as general as possible. Fong (2014) derivedAv = 0.5 for GRB

070714B, but it was not included here because it was derived bycomparison of the optical and

X-ray bands, and is therefore dependent on the presence of a spectral break between them.
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GRB Γ z E(B − V ) Reference
051221A 1.95+0.18

−0.17 0.5465a 0.069 [1]
060614 1.78+0.08

−0.08 0.1254b 0.019 [2,3,4]
070714B 1.76+0.28

−0.24 0.9224c 0.141 [5] (A,B,C,D)
130603B 1.98+0.15

−0.14 0.356d 0.02 [6,7,8] (E)

Table 4.2: UV, optical, IR and radio data used. Photon indices,Γ are for the X-ray data, and come from
the UKSSDC spectrum repository (Evans et al., 2007, 2009) which gives 90 per cent confidence interval
errors.E(B − V ) values are from Schlafly & Finkbeiner (2011).
References (redshift):aSoderberg et al. (2006);bGal-Yam et al. (2006);cGraham et al. (2009);dThone
et al. (2013).
References (refereed): [1] - Soderberg et al. (2006); [2] - Della Valle et al. (2006); [3] - Gal-Yam et al.
(2006); [4] - Mangano et al. (2007); [5] - Graham et al. (2009); [6] - Tanvir et al. (2013); [7] - de Ugarte
Postigo et al. (2014); [8] - Fong et al. (2014).
References (GCN circulars): (A) - Chandra & Frail (2007); (B) - Landsman et al. (2007); (C) - Perley et al.
(2007); (D) - Weaver et al. (2007); (E) - de Pasquale & Melandri (2013).

4.3 Model

The central engine in the model is a magnetar, formed as a product of the merger of two NS. The

merger drives a relativistic outflow, which expands with time. Internal processes such as shocks

between expanding shells of ejecta (Goodman, 1986; Paczynski, 1986) or magnetic turbulence

(Zhang & Yan, 2011) convert some of the kinetic energy of the blast wave into electromagnetic

radiation, which is observed as the SGRB prompt emission. Theblast wave sweeps up ambient

particles as it expands into the circum-burst medium (CBM), and eventually starts to slow down

once it has accumulated sufficient mass. This deceleration radius,Rdec, marks the outer boundary

for emission processes to be considered ‘internal’. The interaction between the blast wave and the

CBM forms a strong shock at the head of the ejecta, and a synchrotron emission spectrum is set

up by the action of electrons traversing the shock front. This is the emission site of the afterglow.

For simplicity, an adiabatic expansion is assumed, along with a homogeneous ambient medium,

as is expected in the vicinity of an NS binary. However, for LGRBs or binaries with pulsar winds

the local density profile can be different (see e.g. Starlinget al., 2008; Curran et al., 2009).
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4.3.1 Synchrotron emission

The relativistic blast wave accelerates electrons, which subsequently radiate synchrotron emission

in accordance with their respective Lorentz factors, whichare assumed to have a power-law dis-

tribution. There are two distinct emission regimes, dubbed‘fast cooling’, in which the cooling

time-scale of the electrons is less than the lifetime of the source, and ‘slow cooling’, in which the

majority of electrons cool on longer timescales than the source lifetime. (Sari et al., 1998; Wijers

& Galama, 1999).

The synchrotron spectrum has three characteristic break frequencies: the peak frequency,νm;

the cooling frequency,νc; and the self-absorption frequency,νa, at which the medium changes

from being optically thin to being optically thick. These breaks are not static in time, but change

and evolve with the hydrodynamical expansion of the blast wave. Their position and evolution

determines the phenomenology of the corresponding light curve at a given observational band

(Sari et al., 1998; Wijers & Galama, 1999). The breaks and peak flux (Fν,max) are governed by the

energy contained in the blast wave and three other physical parameters:ǫe, the fraction of energy

contained in the emitting electrons,ǫB, the fraction of energy contained in the magnetic field, and

n0, the number density (in cm−3) of particles in the ambient medium.

In addition, the breaks’ behaviour is affected by the dynamical state of the blast wave, which can

be in the relativistic, jet-spreading, or non-relativistic phase. The jet spreading phase occurs when

θ0 ≈ γ−1, whereθ0 is the opening angle of the collimated jet, andγ is the bulk Lorentz factor of

the blast wave. The observer begins to ‘notice’ the edge of the jet as it expands, and asγ drops the

jet spreads sideways (van Eerten & MacFadyen, 2012). As the shock becomes almost spherical, it

becomes non-relativistic at a timetNR which can be approximated by (van Eerten & MacFadyen,

2012)

tNR = 1100

(

Eiso

1053n0

)1/3

d. (4.18)

These three dynamical phases each have their own hydrodynamical evolution, and hence the time
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dependences of the synchrotron break frequencies also vary. Values used for the synchrotron

spectrum and its evolution in this chapter come from chapter2 of van der Horst (2007). In this

analysis, only the forward shock emission is dealt with.

4.3.2 Energy injection

The magnetar formed by the merger is initially rapidly spinning, with a spin period of the order of

1 ms. After birth, it loses angular momentum in the form of magnetic dipole spin-down (Zhang &

Mésźaros, 2001), resulting in energy being injected into the outflow and the forward shock for a

sustained period, typically of the order of1000 s. This was investigated for LGRBs by Dall’Osso

et al. (2011). The total energy injected into the shock at a time t after merger is given by (cf.

Zhang & Mésźaros 2001)

Ed(t) =
ηL0t

(1 + t/Tem)2
. (4.19)

The parameterη accounts for the ignorance in the efficiency of the transfer of energy from the

dipole to the forward shock, both in terms of radiative losses and beaming factor.L0 is the lumi-

nosity of the dipole plateau in erg s−1 andTem is the point at which the plateau turns over, known as

the characteristic spin-down time-scale.L0 andTem are both derived from the underlying physical

parameters of the magnetar:

L0,49 = B2
p,15P

−4
0,−3R

6
6 (4.20)

Tem,3 = 2.05I45B
−2
p,15P

2
0,−3R

−6
6 , (4.21)

whereL0,49 is L0 in units of1049 erg s−1 andTem,3 is Tem in units of103 s. I45 is the moment of

inertia in units of1045 g cm2, and is∼ 1 (2) for a1.4 (2.1) M⊙ NS.R6 is the NS radius in106 cm,

P0,−3 is the spin period in ms andBp,15 is the dipole field strength in units of1015 G. The NS

radius is set atR6 = 1, since this is consistent with most equations of state (Lattimer & Prakash,
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2004). These relations place limits on the values ofL0 for a givenTem, principally through the

break-up spin period for an NS (e.g.P ≥ 0.66 ms for a2.1M⊙ NS; Lattimer & Prakash 2004).

The upper limit placed onL0 by P is given by

L0,49 ≤ 2.05I45T
−1
em,3P

−2
lim,−3 (4.22)

becauseTem is a fixed quantity for a given GRB.

The two EE bursts in the sample, GRB 060614 and GRB 070714B, are likely to also inject energy

into the shock during the EE phase, although without a clear model for what EE is, it is difficult to

say how much. To represent EE, the energy profile from Gompertz et al. (2014) was used, where

a magnetic propeller is invoked to describe the emission feature. These magnetic propellers ac-

celerate in-falling material to super-Keplerian velocities, ejecting it from the system at relativistic

speeds, where it subsequently shocks to produce electromagnetic radiation. The exact physics

behind these models is largely irrelevant for this analysis, but the accurate luminosity profile pro-

vides a convenient way to introduce EE energy injection to the system. The total energy in the

forward shock at a time t is then given by

EFS(t) = Ek + EEE(t) + Ed(t). (4.23)

Here,Ek represents the impulsive energy of the blast wave, and is tied to the prompt emission

isotropic equivalent energyEγ,iso through a pre-factor accounting for beaming and efficiency.EEE

is the energy injected during EE, representing the luminosity profile from Gompertz et al. (2014)

multiplied by another pre-factorκ, again to account for beaming and efficiency.Ed is the energy

injected by dipole spin-down, given by Equation 4.19. Theseenergies were varied to obtain fits

to the data, and the physical implications that the obtainedvalues have for the central engine are

discussed in Section 4.5.
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4.3.3 X-ray and optical fitting

To perform least-squares fitting for broadband GRB afterglows, one normally requires well-

sampled light curves in the X-ray and optical bands, as well as at least two radio bands. Without

radio observations, it is very difficult to locateνa, since this break is normally found at radio

frequencies, andνm andFν,max can only be constrained as a combination, rather than individu-

ally. Additionally, if νc lies above the X-ray frequency then it too becomes poorly constrained.

Because of this, large degeneracies can occur where the observed X-ray and optical light curves

give combinations ofνm andFν,max that can be recreated by many different physical parameter

values, each having very different implications for the positions of νc andνa. Thus, any fitting

can result in parameter uncertainties spanning several orders of magnitude. For this sample, the

available data consist of a well-sampled X-ray light curve,as well as a sparsely sampled optical

light curve (sometimes in multiple bands) and just one or tworadio observations or limits at best

per burst. This is insufficient for fitting in the traditionalway, so an order of magnitude search of

the parameter space was conducted within reasonable parameter limits.

Synthetic light curves were created through a combination of nine free parameters. Three are

well constrained by the data: the characteristic spin-downtime-scaleTem, the jet break timetjb,

and the power-law index of the electron Lorentz factor distribution p. p is the most constrained;

this parameter sets the spectral slope, so the simultaneousgoodness-of-fit to both the X-ray and

R-band data is very sensitive to its value (with a small mitigation for the position of the cooling

break:β = p−1
2

for νm < ν < νc; β = p
2

for νc < ν). p also sets the temporal decay of the light

curves, adding further constraint to its value. Because of these strong constraints, a single value

of p was used, obtained by simultaneous model fitting to both the X-ray and optical light curves,

as well as the late-time temporal decay in the post-plateau region.

Once this value is obtained, the next most constrained parameter isTem, which determines the

time at which the flat plateau region transitions into the late-time temporal decay. There is some
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GRB p Tem tjb
(s) (d)

051221A 2.4 8.0 × 103 ≥ 4.0
060614 2.6 2.5 × 104 1.10
070714B 2.9 2.0 × 103 ≥ 0.7
130603B 2.5 8.0 × 102 0.35

Table 4.3: The single-value free parameters for each burst, selected bydata constraints.

degeneracy between the temporal slope of the decay (controlled by p) and the time at which

transition occurs (controlled byTem), particularly in cases where data in this region is sparse,

but the extra constraint onp from the spectral slope requirements ensures that a single value can

be used for both parameters; values ofp outside of a fairly small range are unable to provide

simultaneous fits to the X-ray and optical light curves. In cases where the late temporal decay is

too steep at both X-ray and optical frequencies for any reasonable combination ofp andTem to

reproduce, a jet break was used, implemented as a smooth achromatic break at a timetjb. Where

no jet break was required at all, models assuming no jet breakand ones assuming the earliest jet

break allowed by the data were tested to produce the full range of possible fluxes. The single-value

model parameters are listed in Table 4.3.

The remaining six parameters are less constrained. They areǫe, ǫB, n0, L (whereL = ηL0), κ and

Ek. Constraints were applied to the range of allowed values for these parameters.ǫB has been

found to be as low as10−8 (Barniol Duran, 2014; Santana et al., 2014) and as a fraction can be as

high as1. In practice,ǫe tends towards higher values thanǫB. An upper limit of1 was set, noting

thatǫe actually refers to the electron population that is emittingsynchrotron radiation, rather than

the electron population as a whole, and the lower limit was set as10−3 (Kumar, 2000).n0 was

limited between10−5 and100 cm−3, in line with what has been found in these sources (Cenko

et al., 2011). The upper limit ofL was set by the argument in Equation 4.22, and values of this

parameter below∼ 1047 erg s−1 are never energetic enough to match the data, so the lower limit

was set as1047 erg s−1. Within these limits forL, EE ceases to have any influence on the light

curve if κ . 10−2. If EE is isotropic, and the observed luminosity is only 1 percent of the true
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Parameter Minimum Maximum
ǫe 10−3 1
ǫB 10−8 1
n0 (cm−3) 10−5 100
L (erg s−1) 1047 1049a

κ 10−2 10
Ek (erg) 1048 1052

Table 4.4: Limits on parameters used in the order of magnitude parameter spacesearch.a1049 erg s−1 is
typical, but the real value depends on Equation 4.22

energy (i.e. the conversion efficiency of kinetic to potential energy in the internal shocks is 1 per

cent), then the energy delivered to the synchrotron shock front could be up to 100 times higher

than observed in the light curve. In practice, however, the emission is (a) unlikely to be fully

isotropic, (b) likely to shock more efficiently than 1 per cent, and (c) certain to be less than 100

per cent efficient at delivering its energy to the synchrotron shock front. For these reasons, the

upper limit ofκ was set at a still fairly generous factor of 10. Finally, the energy in the shock from

prompt emission was limited to1048 erg < Ek < 1052 erg. The arguments for these limits are

identical to those used forκ, except that the prompt emission is known to be beamed (Sari et al.,

1999; Frail et al., 2001) so the upper limit is lower, and because the injected energy at early times

is negligible,Ek dominates the early light curve so the lower limit can be muchless energetic

before its influence vanishes. These limits are summarised in Table 4.4.

Each combination of parameters creates a synthetic light curve, and the match to the data was

assessed by calculating theχ2 value for the X-ray observations, as well as observations inthe

R-band since this is always the best sampled optical light curve. Theχ2 values for the two light

curves were assessed separately to avoid a situation where an excellent fit to the X-rays but a

poor fit to the optical is indistinguishable from a good fit to both, since the statistics will be

dominated by the much better sampled X-ray light curve. Upper limits were not included in the

χ2 calculations, but were subsequently inspected for violations (see Section 4.4). Since there are

often fewer R-band data points than free parameters, the reducedχ2 for the individual bands could
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GRB Reduced ǫe ǫB n0 L Ek κ
χ2 limit (cm−3) (erg s−1) erg

051221A 2.8 0.1–1 10−4–10−1 10−4–101 1047–1048 1048–1051 –
060614 15 0.1–1 10−7–10−3 10−5–102 1048 1048–1050 10−2–10−1

070714B 10 0.1–1 10−6–10−2 10−4–102 1047–1049 1048–1052 10−2–100

130603B 8 0.1–1 10−5–100 10−4–101 1047–1049 1048–1051 –

Table 4.5: The range of physical parameters and energy factors found in the models that successfully
matched the data (including radio observations). No value forκ is shown for GRB 051221A and GRB
130603B because these bursts do not contain EE. The reducedχ2 thresholds are also shown.

not be calculated, but the overall reducedχ2 was calculated by summing theχ2 contributions and

dividing by the combined degrees of freedom. The X-ray bandχ2 was obtained for data points in

the X-ray plateau and later, excluding the preceding steep decay. This region is believed to be due

the curvature effect (Kumar & Panaitescu, 2000).

4.4 Modelling results

The order of magnitude parameter search returned a variety of viable combinations across the four

GRBs. Each was inspected by eye to ensure that no upper limits were violated and that the model

was consistent with (i.e. fainter than) the early X-ray emission, since neither of these things were

factored into theχ2 value. The fit each model gave to other optical and UV observations was

also inspected for consistency, and those that violated upper limits or provided a poor match to

the data were rejected. 16 models were found for GRB 051221A, 6models were found for GRB

060614, 21 models were found for GRB 070714B, and 17 models werefound for GRB 130603B.

Example fits for each GRB are shown in Fig. 4.1. The X-ray re-brightening at around10−2 d

in GRB 070714B was interpreted as an X-ray flare (e.g. Gompertzet al., 2013) due to its short

time-scale and apparent discrepancy with the R-band light curve. This is supported by a spectral

hardening shown by the photon index fit on the UKSSDC burst analyser1 (Evans et al., 2007,

1www.swift.ac.uk/burstanalyser
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Figure 4.1: Example fits to the X-ray and R-band light curves of the four GRBs in the sample. Top panels:
temporal evolution of the three spectral breaks. The black dashed, solid, and dotted lines are the cooling,
peak, and self-absorption breaks, respectively. The horizontal blue (red) line marks the X-ray (R-band)
frequency for reference. The vertical black dotted line denotes a jet break. Bottom panels: light curves
showing the model fit line to the X-ray (blue) and R-band (red) data points.The goodness-of-fit in the
X-ray band is only assessed for the plateau data and later, i.e. all data in 060614 and 130603B, and data
at times later than5 × 10−2 d in 051221A and 070714B. The re-brightening at around10−2 d in GRB
070714B is interpreted as an X-ray flare.
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2009)

For each parameter combination, theχ2 values were calculated separately for the X-ray and R-

band light curves. These are plotted against each other, andχ2 cuts were made at both frequencies

that return a sample of the best fits for each GRB. This method prevents the much better sampled

X-ray light curve from dominating the selection threshold,as would be the case for a combined

reducedχ2 cutoff. The reducedχ2 limits that result from the combination ofχ2 cutoffs for each

burst are shown in Table 4.5. The large variations in these limits are a reflection on how con-

straining the available X-ray and R-band data are to the models; since the fitting procedure is a

simple order of magnitude search rather than a least-squares fit, light curves with larger numbers

of data points will be much less forgiving on the models applied. A finer parameter search would

reduceχ2. The reducedχ2 limits for all four bursts could also be made more uniform with least-

squares fitting; however, this approach leads to very large parameter uncertainties, as previously

discussed.

Three of the four GRBs (051221A, 070714B and 130603B) also feature radio detections and upper

limits. The presence of radio observations helps to narrow the parameter space, with varying

degrees of severity depending on how constraining the observation is. They are shown in Fig. 4.2,

plotted alongside the region described by the various lightcurves from the surviving models,

shown in grey. GRB 051221A is the most constrained by radio observations; eight more models

were ruled out due to the consecutive upper limits at8.46 GHz, including all models not featuring

a jet break. The dark grey line shows the model that best matches the radio detection for this

burst, but it is at odds with the upper limits. In GRB 130603B, the most luminous models appear

to violate some of the upper limits; however, these can be retained due to the possible influence of

radio scintillation (Frail et al., 1997; Goodman, 1997) which can explain discrepancies in isolated

cases. Forward shock emission appears to have some difficulty in matching the radio detections in

this burst and GRB 051221A, and possible reasons for this are discussed in Section 4.5. In GRB

070714B, the upper limit is not at all constraining to the physical parameter space.
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Figure 4.2: The radio detections and upper limits available for the sample of four GRBs. The light grey
region shows the range of fluxes described by the light curves of the model fits that are consistent with the
broadband data. See Section 4.5 for a discussion in the apparent upperlimit violations in GRB 130603B.
The dark grey line in GRB 051221A shows the model that comes closest to matching the observations
at 8.46 GHz, and its inconsistency with the upper limits illustrates the probable need for reverse shock
emission at early times. The dark grey region in GRB 070714B shows the additional range of predictions
resulting from the models with no jet break that are consistent with observations. The vertical black dotted
line shows the position of the required jet break for GRB 051221A and GRB130603B, and the position of
the earliest jet break allowed by the data for GRB 070714B. The vertical black dashed line marks the 1st of
January 2015 for reference.
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For each GRB, a fairly wide range of parameters was found. It is immediately obvious from

Table 4.5 that a high value ofǫe is required in all cases, otherwise the model emission is too

faint to match what is observed in both X-rays and optical bands. It should be noted that while

broad ranges for the physical parameter values are given, these values only work to reproduce the

data in specific combinations. Two of the four GRBs (060614 and 070714B) have values forp

that are consistent within the90 per cent confidence interval with the late-time photon indexΓ

from the UKSSDC spectrum repository (Table 4.2). The other two lie between the values gained

when using theν < νc andνc < ν closure relations, indicating some evidence for a cooling

break. Although there may be models with and without coolingbreaks for each burst when using

different parameter combinations, the example best fits in Fig. 4.1 support this statement, since

GRB 051221A and GRB 130603B exhibit late X-ray cooling breaks,while the other two GRBs

do not. In two bursts (060614 and 070714B), the data appear to show the peak frequency passing

through the R-band, with the cooling break sitting well abovethe X-ray band. This is a feature of

all GRB 060614 models, and is very constraining to the physical parameters because it breaks the

νm – Fν,max degeneracy.

4.5 Modelling discussion

In some cases, most notably GRB 130603B, models that appear to violate radio upper limits have

been retained. This is based on radio scintillation arguments (Frail et al., 1997; Goodman, 1997),

where isolated detections and upper limits could be locatedat scintillation maxima/minima, and

therefore have larger errors than quoted. For this reason, the handful of models that do not obey

the upper limit in GRB 130603B have been left in the predictions. In cases like the8.46 GHz

light curve for GRB 051221A, however, consecutive limits areunlikely to have all occurred at

scintillation minima, and so the models that passed above more than one of them (including all

the no jet break models) were rejected.
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This causes a problem when trying to explain the earlier radio detection with forward shock emis-

sion alone; the only model that comes close in GRB 051221A, shown by the dark grey line in

Fig. 4.2, is inconsistent with three of the four radio upper limits. While it could be argued that the

single detection in GRB 051221A is itself due to scintillation, the situation is even worse in GRB

130603B, where consecutive detections at6.7 GHz and a further observation at4.9 GHz cannot

be matched by models without rising above multiple upper limits. The natural explanation for this

is the presence of a reverse shock propagating backwards through the ejected material. A reverse

shock could produce a radio flare, providing a match to the data while still being masked be-

neath the forward shock emission at higher frequencies (Kulkarni et al., 1999; Sari & Piran, 1999;

Nakar & Piran, 2005; van Eerten, 2014). Reverse shocks are believed to have been observed in

both LGRBs (e.g. Akerlof et al., 1999; Chandra et al., 2010; Anderson et al., 2014) and SGRBs

(e.g. Soderberg et al. 2006 for GRB 051221A).

The model includes only the most basic features of the magnetar central engine; reverse shock

emission or other sources of radiation (e.g. kilonova emission, Piran et al., 2013; Tanvir et al.,

2013) have not been incorporated. The aim was to show that a physically motivated, self-consistent

central engine, in which a newly formed magnetar injects energy into an expanding forward shock

as it loses angular momentum, can be reconciled with the longer wavelength (optical, IR, radio)

observations of SGRBs, as well as just the X-ray light curves asis usually done. For this reason,

and given the roughness of our fitting routine, the fact that the light curves at all frequencies are

well recreated by this bare-bones model is encouraging.

Soderberg et al. (2006) modelled the afterglow of GRB 051221A. The results here are in agree-

ment with theirs, except that a much wider range inǫB was found (10−4–10−1 in this work, com-

pared to0.12–1/3 in Soderberg et al. 2006) andn0 (10−4–101 cm−3 in this work, compared to

(0.5–2.4) × 10−3 cm−3 in Soderberg et al. 2006). This narrow range is likely due to the in-

clusion of a reverse shock in their modelling, and indeed their forward shock only parameter

ranges are much broader, although still narrower than what is found here. GRB 051221A was
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also modelled by Burrows et al. (2006), who obtain a low- and high-density fit, giving a range

of 10−4 cm−3 ≤ n0 ≤ 0.1 cm−3 which is in agreement with the findings of this chapter, and

similar to the forward shock only results of Soderberg et al.(2006). Both studies find narrow jets,

consistent with the range found in Section 4.5.1, and jet break times of4–5 d. Fan & Xu (2006)

also fitted the magnetar model to the broadband observationsof GRB 051221A, finding a family

of physical parameters within the range of these results.

No broadband modelling has been done on GRB 070714B, but Xu et al. (2009) fitted a model

featuring power-law energy injection to GRB 060614, and found a fit with ǫe ∼ 0.12, ǫB ∼

2 × 10−4, andn0 = 0.04 cm−3, in agreement with this range of parameters. By fitting power-

law models to the R-band light curves (Della Valle et al., 2006) and a combination of X-ray and

optical bands (Mangano et al., 2007), two previous studies have found a jet break at∼ 1.3 d in

GRB 060614, consistent with what is found here at1.1 d.

The broadband afterglow of GRB 130603B was modelled by Fong etal. (2014). As in 051221A,

the derived range of density values in this chapter is wider,extending two orders of magnitude

lower than Fong et al. (2014). TheǫB range also extends down an order of magnitude further.

These ranges highlight the large degeneracies in the parameters;ǫe is confined to a relatively small

range (∼ one order of magnitude) becauseνm andFν,max are well constrained by the data, whereas

νc andνa are often unconstrained, leading to a variety of acceptableparameter combinations. Fong

et al. (2014) find a jet break at≈ 0.47 d, and a jet opening angle in the range4◦ – 14◦, both of

which are consistent with these findings. Finally, the magnetar spin period and dipole field values

calculated by Fong et al. (2014) for the dipole spin-down injection case intersect with the line for

GRB 130603B shown in Fig. 4.3. Fan et al. (2013) also showed that the magnetar model was

capable of reproducing the broadband emission observed in GRB 130603B for one combination

of physical parameters that lies within the derived range.
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4.5.1 Energetics

The radiative efficiency of a GRB is defined as (cf. Zhang, 2007)

ζ =
Eγ,iso

Eγ,iso + Ek,iso

(4.24)

and gives a direct measure of how efficiently the total energyis converted into EM radiation.

Here, we calculateEk for each burst, which is the energy delivered to the afterglow emission

site by the prompt impulse, and makes no assumption on geometry. The lower limit ofEk is not

at all constraining; the fit to the plateau emission depends much more on the luminosity of the

dipole spin-down injection,L. Values forEk of 1048 erg and below are indistinguishable from one

another, and for a givenEγ,iso will just represent an asymptotic approach to a radiative efficiency of

1, which is unphysical. The upper limits ofEk are far more important, since they are constrained

by observation in that too much energy contribution will drive the model fluxes up above what is

observed, and will mask the plateau feature in cases whereEd is negligible in comparison toEk.

The approximate maximum value ofEk,iso is given by assuming that the upper limit ofEk came

from a strongly beamed geometry with a beaming factor of∼ 1000, i.e. the upper limit ofEk,iso is

as much as a thousand times greater than the upper limit ofEk. The radiative efficiency can then

be used to calculate the implied opening angle (cf. Racusin etal., 2009a):

θj = 0.057t
3/8
jb

(

3.5

1 + z

)3/8(
ζ

0.1

)1/8(
n0

Eγ,iso,53

)1/8

. (4.25)

The range of calculated efficiencies and opening angles are shown in Table 4.6. The derived ef-

ficiencies are consistent with Zhang (2007), who found typical values of< 10 per cent in their

sample. Note that for the two EE GRBs, these calculations may beaffected by the energy contri-

bution of EE. We find that GRB 060614 tends to demand higher values ofǫe andζ than the other

bursts, which is symptomatic of its more luminous and longerlasting afterglow plateau putting ex-

tra demands on the available energy. The derived opening angles are consistent with the results of
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GRB Eγ,iso ζ θj

(erg) (deg)
051221A 1.5 × 1051,a ≥ 1.5 × 10−3 ≥ 2.37 (≤ 22.7)∗

060614 2.5 × 1051,b ≥ 2.0 × 10−2 1.62–19.7
070714B 1.6 × 1051,c ≥ 1.6 × 10−4 ≥ 0.87 (≤ 14.4)∗

130603B 1.0 × 1051,d ≥ 1.0 × 10−3 1.01–10.0

Table 4.6: Calculated minimum radiative efficiencies and ranges of opening angles. aSoderberg et al.
(2006);bMangano et al. (2007);cGraham et al. (2009);dFong et al. (2014).∗Upper limit derived from the
earliest permissible jet-break in cases where the data are consistent with isotropic emission.

Ryan et al. (2015). Their results (in degrees) are26.0+1.80
−2.20 for GRB 051221A,17.0+7.08

−4.93 for GRB

060614 and19.1+6.38
−6.38 for GRB 070714B, where the errors are1σ. These values were obtained by

fitting to the X-ray light curves only.

4.5.2 Magnetar properties

The well constrained value ofTem and the results forL mean that the magnetar properties can

be approximated. These approximations assume100 per cent efficiency and isotropic emission,

which is unlikely to be the case; however, in energetic termsa reduction in one compensates

for a reduction in the other, and the large starting uncertainty associated with a simple order of

magnitude search forL means that this assumption is sufficiently accurate in the context of other

sources of error. The range of magnetar spin periods and fieldstrengths is illustrated in Fig. 4.3.

These properties are not well constrained in three out of four bursts due to the degeneracy created

by the wide range of physical parameters, as well as uncertainties in measuring the dipole plateau

due to contamination from the prompt and EE components. The normalisation of theB–P relation

is set by the value ofTem for each burst, and the suitable combinations run from the minimum spin

break-up period up to the point at which the plateau becomes too faint for a good fit, at around

L = 1047 erg s−1.

The implications for EE in GRB 060614 and GRB 070714B are not well defined. While a range
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Figure 4.3: Magnetar spin period and dipole field strength combinations that satisfy the luminosity lim-
its andTem values of the four GRBs. Blue – GRB 051221A; light blue – GRB 060614; red – GRB
070714B; green – GRB 130603B. The solid (dashed) vertical red line marks the spin break-up period for a
1.4 (2.1) M⊙ NS (Lattimer & Prakash, 2004). The vertical black line represents the maximum allowed spin
period at birth, based on the conservation of angular momentum of a white dwarf binary merger (Usov,
1992). The lower horizontal limit marks the minimum magnetic field required to produce a GRB observ-
able in the gamma band (Thompson, 2007) and the upper limit is the nominal threshold for fast field decay.

of energies that work in the context of the light curves can befound, the physical interpretation

is not constrained in terms of beaming or efficiency, save that the results lie in the region found

here. One central engine capable of providing such a result is a magnetic propeller (Gompertz

et al., 2014). The EE profile used here borrowed the luminosity curve for a40 per cent efficient

isotropic propeller (without the pre-factorκ), so the EE contribution is energetically consistent

with the propeller model, however in this context it was usedas a simple indicator of luminosity,

and the restrictions it imposes onP andB of the underlying magnetar were not applied.
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Telescope Sensitivity Reference
(µJy)

60 MHz:

LWA1 38000 Ellingson et al. (2013)
LOFAR 5000 van Haarlem et al. (2013)
150 MHz:

MWA 1200 Tingay et al. (2013)
LOFAR 300 van Haarlem et al. (2013)
1.4 GHz:

GMRT 150 Ghirlanda et al. (2014)
WSRT/Apertif 50 Ghirlanda et al. (2014)
ASKAP 50 Ghirlanda et al. (2014)
MeerKAT phase 1 9 Ghirlanda et al. (2014)
MeerKAT phase 2 6 Ghirlanda et al. (2014)
SKA phase 1 1 Ghirlanda et al. (2014)
SKA phase 2 0.15 Ghirlanda et al. (2014)
15 GHz:

AMI 70 Zwart et al. (2008)
VLA 5 Ghirlanda et al. (2014)
100 GHz:

CARMA 900 Bock (2006)
ALMA 6 [A]

Table 4.7: Detection sensitivities for different instruments at the frequencies for which we calcu-
late flux density prediction light curves. Limits are5σ and assume a12 h integration time. [A] –
almascience.eso.org/proposing/sensitivity-calculator

4.6 Implications for radio emission

The models that successfully match the available broadbandobservations in Section 4.4 are used

to create synthetic light curves in a variety of radio frequencies: 60 and150 MHz, and1.4, 15,

and100 GHz. The light curves combine to give a region of predicted flux densities, showing

the bounds of what the radio afterglow should have looked like for each GRB at each frequency,

given the imposed restrictions of the specific physical model. This is plotted in Fig. 4.4. Table 4.7

shows the sensitivity thresholds for modern-day and futureradio telescopes that observe at the

frequencies plotted, and a selection of these are superimposed on the light curves. The detectabil-
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Figure 4.4a: Predicted flux density light curves at60 MHz for the four GRBs in our sample. The dark grey
line in GRB 051221A shows the model that comes closest to matching the observations at8.46 GHz in
Figure 4.2. The dark grey region in GRB 070714B shows the additional range of predictions resulting from
the models with no jet break that are consistent with observations. The vertical black dotted line shows the
position of the required jet break for GRB 051221A, GRB 060614 and GRB 130603B, and the position of
the earliest jet break allowed by the data for GRB 070714B. The vertical black dashed line marks the 1st of
January, 2015, for reference. Selected limits from Table 4.7 are over-plotted.

ity of each GRB radio afterglow is assessed. The flux densitiesare in general modest, typically

peaking in theµJy range; however, the results for the anomalously bright GRB060614 do extend

up to mJy. The signal from each GRB is suppressed by the jet break, which curtails the initial

brightening of the emission early on in the light curve in most cases. The region either side of this

break usually represents the best opportunity to observe the radio afterglow.

At the lower frequencies (60 and150 MHz), only the Low Frequency Array (LOFAR) at150 MHz

gets close to being within an order of magnitude of the predictions. The picture is slightly better
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Figure 4.4b:150 MHz.

moving to higher frequencies; in the near future at1.4 GHz, the Westerbork Synthesis Radio

Telescope (WSRT)/Apertif and the Australian Square Kilometre Array Pathfinder (ASKAP) will

be sensitive enough to be capable of observing the brighter models in GRB 060614, and graze the

upper limits of the GRB 070714B predictions. MeerKAT would have been capable of detecting

at least the upper portion of all four bursts, and could have resolved the entire predicted region of

GRB 060614 if observations had been made around the time of thejet break.

At 15 GHz, the Arcminute Microkelvin Imager (AMI) is capable of observing the upper reaches

of the predictions for all but the highestz burst (GRB 070714B) for around a week, possibly even

a month for the brighter portion of GRB 060614. The Very Large Array (VLA), in its expanded

capacity (Perley et al., 2011), would have been able to go deeper than our lower limits in each
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Figure 4.4c:1.4 GHz.

burst except GRB 130603B in the first week, and provide meaningful limits on the evolution of

the radio afterglow for up to a year after trigger. Finally, at 100 GHz the Combined Array for

Research in Millimetre-wave Astronomy (CARMA) may have been able to detect the brightest

models in GRB 060614 and GRB 130603B, and the Atacama Large Millimetre Array (ALMA)

would have been able to provide limits similar to those mentioned for the VLA, with a window

of weeks in GRB 051221A and GRB 070714B, and months in GRB 060614, where the entire

predicted region lay above its sensitivity threshold.

The model fluxes show that previous radio observations, while able to limit some of the physical

parameter space, were not deep enough to place serious constraints on the magnetar model. How-

ever, the recently upgraded VLA (Perley et al., 2011) and ALMA are now atµJy sensitivity, deep
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Figure 4.4d:15 GHz.

enough to probe even the faintest predicted models. Either telescope can now provide meaningful

and highly constraining restrictions on a central engine invoking dipole spin-down injection into

a forward shock by making observations within the first week or two after trigger, assuming the

four GRBs discussed here are representative of the sample as a whole. Since the sample contains

the highest recorded spectroscopic SGRB redshift (z = 0.9224; GRB 070714B) and the results

in Table 4.5 show CBM densities at or near the observed lower limit n0 ∼ 10−5 cm−3, it seems

that the sample does represent SGRB and EE GRB radio fluxes as a whole, rather than the most

luminous cases.

The Square Kilometre Array (SKA) paints a rather brighter picture for the future; the results sug-

gest that even at phase 1, we should expect to see magnetar-injection driven1.4 GHz afterglows
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Figure 4.4e:100 GHz.

for months after trigger if the model is to be believed. All four GRBs shown here would be ob-

servable for months, in some cases up to a year after trigger,with only the very faintest models in

GRB 070714B and GRB 130603B lying below the sensitivity threshold. By phase 2, all four of the

radio afterglows in the sample would have been visible for a year or more, and the entire predicted

flux density region could be explored for each with the correct observing strategy. These findings

are in agreement with Feng et al. (2014), who simulated radioafterglow light curves for compact

object mergers at the advanced Laser Interferometer Gravitational-wave Observatory (aLIGO)

horizon. The simplest case of merger followed by injection is considered here; however, the radio

signal from these mergers may be further enhanced by other processes such as macronovae (Piran

et al., 2013).
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4.7 Conclusions

Order of magnitude fitting to the broadband afterglows of a sample of four GRBs was performed.

A physically motivated central engine was applied, invoking energy injection into a forward shock

from a magnetar as it rapidly loses angular momentum along open magnetic field lines. By im-

posing the limitations of a self-consistent central enginefor the energy profile of each GRB, the

available parameter space for the physics underlying the evolution of the blast wave as it expands

into the ambient medium is narrowed. Combinations of these parameters are tested against the

data, resulting in a family of models that accurately recreate observations. These models are then

used to predict the radio signature from the central engine,and are assessed for detectability.

The results show that current broadband observations are consistent with the magnetar injection

model, as physical parameters that lie within the allowed ranges are found for all bursts. Some

discrepancies exist at radio frequencies, suggesting thatprevious early detections captured emis-

sion from a reverse shock propagating backwards through theejecta, rather than a forward shock

moving outwards into the CBM. It is found that while recent observational detection thresholds

are not constraining to the magnetar model, state-of-the-art facilities such as the upgraded VLA

and ALMA are now capable of observing to depths greater than the predicted flux density range

if observations are made in the first few weeks, and to maximumsensitivity. It is also shown

that SKA will be capable of observing to depths in excess of the model predictions, and hence is

expected to observe these signatures, or impose strict limits on the physical parameters.
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4.8 Appendix A: Flux density equations

Using the equations below, the flux (F ; erg cm−2 s−1) observed in a bandpass bounded by a lower

limit νl and upper limitνh (both Hz) can be converted to a flux density (Fνp; Jy) at the bandpass

logarithmic mid-point (νp; Hz), assuming a power-law spectrum with an indexβ (Fν = ν−β).

Fνp =
(β − 1)F

νl

(

νl

νh

)β/2[

1 −

(

νh

νl

)1−β]−1

for β > 1

Fνp =
F

νp

[

ln

(

νh

νl

)]−1

for β = 1

Fνp =
(1 − β)F

νh

(

νh

νl

)β/2[

1 −

(

νl

νh

)1−β]−1

for β < 1 (4.26)
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5
Conclusions and future prospects

During this thesis, the magnetar model has been rigorously tested for consistency with the broad-

band observations of EE GRBs. This chapter presents the main findings and conclusions of the

undertaken work, as well as a summary of the current understanding of the classification of EE

GRBs and the role magnetars may play in driving them. Future prospects for investigation are also

discussed, both with modern technology, and in the context of upcoming observational facilities.
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5.1 Key conclusions

The investigations outlined in the science chapters of thisthesis have yielded a number of key

conclusions on the potential of magnetars as the central engines of EE GRBs.

Firstly, as shown in Chapter 2, the energy release calculatedfrom the k-corrected light curves

is consistent with the magnetar model; the observed luminosity is within the energy constraints

imposed by the rotational energy reservoir of a millisecondspin period NS. Furthermore, account-

ing for this energy release has the effect of shifting the derived birth spin periods from a region

outside of the expected range into the region predicted by theory. Making this one simple assump-

tion about the nature of EE GRBs brings them into line with the properties of SGRBs, strongly

suggesting that the two classes are related. When modelled asmagnetars, the EE and SGRB sam-

ples are indistinguishable from one another in terms of the derived spin periods and dipole fields

of the central NS, and so the difference between the two classes must be attributed to either the

environment or the formation mechanism.

Having shown that the EE feature is likely to be drawn from therotational energy reservoir, the

main conclusion from Chapter 3 is that a magnetic propeller provides a natural divide between EE

GRBs and SGRBs because it implies that the existence of EE is predicated not on the properties of

the magnetar, but on the existence of a fallback accretion disc. One way to provide this difference

is with an unequal mass binary merger, where the less compactof the two components can be

tidally stripped during in-spiral, providing the fallbackdisc required to initiate the propeller. The

results for Chapter 3 show that the required luminosity can beproduced by fallback discs with

masses of a few10−2 M⊙ to a few 10−3 M⊙, but the conversion efficiency of kinetic energy

to electromagnetic radiation in shocks between expanding shells of ejecta must be fairly high,

≥ 10 per cent. As discussed in Section 3.5.1, the low Lorentz factors used when investigating

the propeller emission mean that the propeller-driven shells will most likely never catch up to the

forward shock, and therefore cannot contribute to the broadband afterglow via energy injection.
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The key result from Chapter 4 is that the broadband observations of a sample of short and EE

GRBs are well matched by a model in which a magnetar injects dipole radiation into a forward

shock. This presents a more rigorous test of the magnetar central engine, whereas previous chap-

ters made assumptions on the efficiency at which injected energy was reprocessed in the shock

and re-radiated at X-ray frequencies. This chapter provides spectra and templates that reproduce

the observed emission, and crucially show that the lack of radio detections is not yet overly damn-

ing to the magnetar model, as might be expected for a central engine with a great deal of implied

energy injection.

5.2 The current status of the magnetar model

The results of this thesis provide strong evidence that EE GRBsare likely to be a subclass of

SGRBs, and that both are consistent with the magnetar model. The consistency is suggestive,

but the evidence is currently far from conclusive. It is generally accepted that SGRBs are pro-

duced during the merger of two compact objects, but this itself has not yet been conclusively

confirmed, and probably won’t be until (or unless) the GW signal is observed by aLIGO and/or

advanced Virgo, or until multiple high-confidence kilonovadetections are made. In terms of the

BH vs magnetar central engine debate, both candidates have strengths and weaknesses. The main

strengths of the magnetar model have been extolled throughout this thesis; it has proven itself in

numerous studies to be highly adept at reproducing the broadband signature of SGRB afterglows

in a way that the BH central engine is not always able, and is consistent with the energetic con-

straints inherent to a rotating NS. It has also been shown that the criticisms regarding the lack of

observed radio signatures are premature (e.g. Metzger & Bower, 2014). However, several valid

criticisms remain.
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5.2.1 The weaknesses of the magnetar model

There are many hurdles the magnetar central engine must overcome before it is more widely

accepted by the GRB community. Firstly, there is a degree of doubt over the feasibility of a long-

lived massive NS remnant in the aftermath of a binary NS merger. Broadly, this is a question

of the NS equation of state, and concerns will be alleviated by the continued discovery of more

massive NSs in nature (e.g. Demorest et al., 2010; Antoniadis et al., 2013). Suggestions that the

binary components are white dwarfs instead of NSs are problematic because white dwarfs are

not expected to receive significant natal kicks (e.g. Berger,2014), so the large offsets that some

SGRBs possess from their host galaxies then become difficult toreconcile with theory.

The main criticism of the model is its apparent inability to launch jets with the requisite Lorentz

factors (e.g. Dessart et al., 2009; Murguia-Berthier et al.,2014). The prompt emission is not

investigated in this thesis, but it of course goes without saying that if the magnetar is unable to

supply the prompt emission, then its ability to convincingly produce the afterglow is irrelevant.

The main problem is that a high baryon density ‘chokes’ the jet, meaning that it cannot be launched

at a velocity sufficient to power an SGRB. This problem can be alleviated somewhat with the

contribution from magnetic fields, but remains the biggest single issue with the magnetar central

engine.

5.3 Consistency tests

One of the main checks for consistency that arises from this thesis is the development of templates

that are capable of finding a match to the broadband signatureof magnetar energy injection. This

allows the constraint of the spectrum, predicts the physical parameters of the CBM, and enables

the production of light curves at any frequency. The predictions of this work, outlined in Chapter 4,

are testable with modern-day radio telescopes, primarily the VLA and ALMA, and provide a
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method by which magnetar-driven SGRBs may be ruled out via the flux density observed in the

radio band, which is predicted to be higher than that of a BH central engine due to the large

amount of energy injection implicit to the model. These templates can be applied to new SGRBs

as they are detected, requiring only a well-sampled X-ray light curve (usually provided bySwift)

and a modest number of observations at other frequencies.

Another test of the predictions is to combineSwift data withFermi observations; the bandpass

of GBM is 8 keV – 40 MeV (Meegan et al., 2009), and many of the predicted cooling breaks lie

within this range. Constraining the cooling break has important implications for constraining the

physical parameters of the shock, and this in turn will narrow the parameter space in which the

self-absorption break resides. Tightening the available flux density region will provide a sterner

test for the magnetar model. However, very few (if any) GRBs with sufficient data to perform the

analysis have bothSwift andFermi observations.

5.4 Future work

The magnetic propeller model that was developed in Chapter 3 was also applied to the giant flares

seen in a small sample of LGRBs by some undergraduate project students that were supervised

during this thesis, and was found to give a reasonable match the phenomenological shape. If these

two features are really produced in the same way, then a spectral analysis of both ought to yield

comparable results. This is somewhat complicated by the features appearing in different classes

of GRB, but the long sample is believed to contain examples of magnetar-driven afterglows in the

aftermath of core-collapse (e.g. Lü & Zhang, 2014), so the presence of a magnetic propeller is

feasible in both cases.

One of the most obvious opportunities that arises from the work in this thesis is the extension

of the SGRB prediction templates to the BH central engine. The BHsuffers from an inability
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to provide long-term energy injection in order to produce the late-time plateaux seen in half the

sample, but several models exist to try to rectify this situation: an extended coasting phase (Duffell

& MacFadyen, 2014), a fallback accretion model (Rosswog, 2007), and an excavated pulsar cavity

scenario (Holcomb et al., 2014). Any or all of these can be developed into a radio predictions code

in the same way as was done for dipole injection in Chapter 4, and this library of templates can

then be compared to each new burst, with the aim of ruling someof them out against observations.

They each imply different levels of energy injection after the initial prompt emission episode, and

therefore could well predict observationally distinct radio emission evolution.

5.4.1 The square kilometre array and the survey science era

Although EE and SGRB X-ray emission can be reproduced reasonably well by both of the com-

peting central engines, the radio signature ought to be verydifferent. The SKA1 is the perfect tool

to exploit this observational diagnostic because, as shownin Chapter 4, it will be sensitive enough

to observe the radio signature of magnetar energy injectionfor almost all combinations of phys-

ical parameters. In addition to its potential to distinguish between progenitor models for on-axis

bursts, the SKA is also expected to detect off-axis GRB afterglows (Granot et al., 2002), i.e. those

GRBs for which the prompt emission jet is not pointed towards the Earth, and so no trigger is de-

tected, thanks to its large FOV and excellent sensitivity. The rate of these off-axis detections will

be extremely useful in determining the true rate of GRBs in the Universe, as well as the beaming

angle. These capabilities mean that the SKA will be an invaluable tool in progressing the field.

SKA pathfinders such as MeerKAT and ASKAP are already in operation, and the construction of

phase 1 is scheduled to take place from 2018 to 2023.

A related instrument that will augment and enhance the efforts of the SKA is the Large Synoptic

Survey Telescope (LSST2; Ivezic et al., 2008). LSST will observe each patch of sky forthirty

1www.skatelescope.org
2www.lsst.org/lsst/
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seconds every three to four days in the optical band, and is expected to detect10 − 100 SGRB

orphan afterglows per year, as well as approximately1000 LGRB orphans (LSST Science Collab-

oration et al., 2009). This switch from survey follow-up to survey direct science at both optical

and radio frequencies is sure to yield exciting new discoveries and advancements in GRB science.

Construction of the LSST began in 2014, with engineering firstlight anticipated in 2019, and the

commencement of the 10 year survey expected to begin two years later, in 2021.

5.4.2 The advent of gravitational wave astronomy

The compact object merger progenitor hypothesis for SGRBs will be put to the test with the

inauguration of the advanced-phase gravitational wave detectors. In their previous incarnations,

LIGO and Virgo were able to detect the GW signal of an in-spiralling binary system composed of

two 1.4 M⊙ NSs out to a maximum of49.3 Mpc (z ∼ 0.013; The LIGO Scientific Collaboration

& The Virgo Collaboration, 2012), where the detection horizon is defined as the distance at which

an optimally oriented and optimally located equal-mass compact binary in-spiral would give an

average SNR of8 in the interferometer. There has never been a recorded SGRB within this

horizon, and only one LGRB in the archive has occurred closer:GRB 980425A, atz = 0.0085 ±

0.0002 (Tinney et al., 1998). LGRBs are not believed to be binary NS mergers, and type Ib/c

supernovae are not expected to be particularly strong GW candidates. Regardless, neither LIGO

nor Virgo were yet constructed at this time. The nearest recorded GRB during a science run was

LGRB 060218, atz = 0.03345 ± 0.00006 (Mirabal et al., 2006), which was not detected.

In the advanced era, aLIGO is predicted to achieve a binary NSdetectionrange4 of 215 Mpc when

optimised for these phenomena (LIGO Scientific Collaboration et al., 2013), which translates into

a horizon (as defined in the previous paragraph) of485.9 Mpc (z ∼ 0.1). The latter measure

3converted using Wright (2006)
4The volume- and orientation-averaged distance at which a compact binary coalescence consisting of two1.4 M⊙

NSs gives a matched filter SNR of8 in a single detector (Finn & Chernoff, 1993).

124



Chapter 5. Conclusions and future prospects 5.4. Future work

Year Estimated aLIGO AdV Predicted BNS % localised to
Duration range (Mpc) range (Mpc) detection rate5 deg2 20 deg2

2015 3 months 40 − 80 - 0.0004 − 3 - -
2016/17 6 months 80 − 120 20 − 60 0.006 − 20 2 5 − 12
2017/18 9 months 120 − 170 60 − 85 0.04 − 100 1 − 2 10 − 12
2019+ (per year) 200 65 − 130 0.2 − 200 3 − 8 8 − 28
2022+ (per year) 200a 130 0.4 − 400 17 48

Table 5.1: Planned science runs for the aLIGO and advanced Virgo (AdV) gravitational wave detectors,
with the expected binary NS merger detection rates (LIGO Scientific Collaboration et al., 2013).aIncluding
LIGO India.

is a factor of2.26 larger than the former (LIGO Scientific Collaboration et al.,2013). This is

getting close to the lowest recorded redshift for an SGRB, atz = 0.1218 ± 0.0003 (Rowlinson

et al., 2010b), and the predicted rate of GW counterparts to SGRB X-ray detections is discussed

in Rowlinson et al. (2013). Table 5.1 shows the expected science runs and ranges of aLIGO

and advanced Virgo. In addition to these interferometers (including LIGO India), the Japanese

Kamioka Gravitational Wave Detector (KAGRA) is currently under construction, and is due to

begin operations in 2017 (Aso et al., 2013).
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